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Abstract 
Since there is a continuous shrinking of feature sizes in ultra-large scale integrated (ULSI) circuits, 
requirements on materials and technology are going to rise dramatically in the near future. In 
particular, at the interconnect system this calls for new concepts and materials. Therefore, carbon 
nanotubes (CNTs) are considered as a promising material to replace partly or entirely metal 
interconnects in such devices. The present thesis aims to make a contribution to the CNT growth 
control with the thermal chemical vapor deposition (CVD) method and the integration of CNTs as 
vertical interconnects (vias) in ULSI circuits. Different support/catalyst systems are examined in 
processes for catalyst pretreatment and CNT growth. The investigations focus on the catalyst 
formation and the interactions at the interfaces. Those effects are related to the CNT growth. To get 
an insight into interactions at interfaces, film structure, composition, and CNT growth 
characteristics, samples are extensively characterized by techniques like AFM, SEM, TEM, XRD, 
XPS, and Raman spectroscopy. Screening studies on nanoparticle formation and CNT growth with 
the well known system SiO2/Ni are presented. This system is characterized by a weak 
support/catalyst interaction, which leads to undirected growth of multi-walled CNTs (MWCNTs). 
By contrast, at the Ta/Ni system a strong interaction causes a wetting of catalyst nanoparticles and 
vertically aligned MWCNT growth. At the system W/Ni a strong interaction at the interface is 
found as well, but there it induces Stranski-Krastanov catalyst film reformation upon pretreatment 
and complete CNT growth inhibition. Studies on the SiO2/Cr/Ni system reveal that Cr and Ni act as 
a bi-catalyst system, which leads to a novel nanostructure defined as interlayer CNT (ICNT) 
structure. The ICNT films are characterized by well crystallized vertically aligned MWCNTs, 
which grow out a Cr/Ni layer lifted off as a continuous and very smooth layer from the substrate 
with the growth. Besides, this nanostructure offers new possibilities for the integration of CNTs in 
different electronic applications. 
Based on the presented possibilities of manipulating CNT growth, an integration technology was 
derived to fabricate CNT vias. The technology uses a surface mediated site-selective CVD for the 
growth of MWCNTs in via structures. Developments are demonstrated with the fabrication of via 
test vehicles and the site-selective growth of MWCNTs in vias on 4 inch wafers. Furthermore, the 
known resistance problem of CNT vias, caused by too low CNT density, is addressed by a new 
approach. A CNT/metal heterostructure is considered, where the metal is implemented through 
atomic layer deposition (ALD). The first results of the coating of CNTs with readily reducible 
copper oxide nanoparticles are presented and discussed. 
Keywords 
Chemical vapor deposition (CVD), Catalyst, Carbon Nanotube (CNT), Interface, Interaction, 
Vertically Aligned CNT (VACNT), Interlayer CNT (ICNT), site-selective CVD, Nanoparticle, 
Integrated Circuit (IC), Interconnect, Via, ULSI  
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Referat 
Aufgrund der kontinuierlichen Verkleinerung von Strukturen in extrem hoch integrierten (engl. 
Ultra-Large Scale Integration − ULSI) Schaltkreisen werden die Anforderungen an die Materialien 
und die Technologie in naher Zukunft dramatisch ansteigen. Besonders im Leitbahnsystem sind 
neue Materialien und Konzepte gefragt. Kohlenstoffnanoröhren (engl. Carbon Nanotubes − CNT) 
stellen hierbei ein vielversprechendes Material dar, um teilweise oder sogar vollständig metallische 
Leitbahnen zu ersetzen. Die vorliegende Arbeit liefert einen Beitrag zur CNT-Wachstumskontrolle 
mit der thermischen Gasphasenabscheidung (engl. Chemical Vapor Deposition − CVD) sowie der 
Integration von CNTs als vertikale Leitungsverbindungen (Via) in ULSI-Schaltkreisen. 
Verschiedene Untergrund/Katalysator-Systeme werden in Prozessen zur Katalysatorvorbehandlung 
sowie zum CNT-Wachstum betrachtet. Die Untersuchungen richten sich insbesondere auf die 
Katalysatorformierung und die Wechselwirkungen an den Grenzflächen. Diese werden mit dem 
CNT-Wachstum in Verbindung gebracht. Für Untersuchungen von Grenzflächeninteraktionen, 
Schichtstruktur, Zusammensetzung sowie CNT-Wachstumscharakteristik werden Analysen mit 
AFM, REM, TEM, XRD, XPS und Raman-Spektroskopie genutzt. Zunächst werden 
Voruntersuchungen an dem gut bekannten System SiO2/Ni zur Nanopartikelformierung und CNT-
Wachstum vorgestellt. Dieses System ist gekennzeichnet durch eine schwache Wechselwirkung 
zwischen Untergrund und Katalysator sowie ungerichtetem Wachstum von mehrwandigen CNTs 
(MWCNTs). Im Gegensatz dazu hat bei dem System Ta/Ni eine starke Interaktion an der 
Grenzfläche eine Katalysatornanopartikelbenetzung und vertikales MWCNT-Wachstum zur Folge. 
Für das W/Ni-System gelten ebenfalls starke Interaktionen an der Grenzfläche. Bei diesem System 
wird allerdings eine Stranski-Krastanov-Schichtformierung des Katalysators und eine vollständige 
Unterbindung von CNT-Wachstum erreicht. Bei dem System SiO2/Cr/Ni agieren Cr und Ni als Bi-
Katalysatorsystem. Dies führt zu einer neuartigen Nanostruktur, die als Zwischenschicht-CNT 
(engl. Interlayer Carbon Nanotubes − ICNTs) Struktur definiert wird. Die Schichten sind durch eine 
gute Qualität von gerichteten MWCNTs charakterisiert, die aus einer geschlossenen, sehr glatten 
und von den CNTs getragenen Cr/Ni-Schicht herauswachsen. Darüber hinaus bietet die Struktur 
neue Möglichkeiten für die Integration von CNTs in verschiedene elektronische Anwendungen.  
Auf der Grundlage der vorgestellten Manipulationsmöglichkeiten von CNT-Wachstum wurde eine 
Integrationstechnologie für CNTs in Vias abgeleitet. Der Ansatz ist eine  oberflächeninduzierte 
selektive CVD von vertikal gerichteten MWCNTs in Via-Strukturen. Diese Technologie wird mit 
der Herstellung von einem Via-Testvehikel und dem selektiven CNT-Wachstum in Vias auf 4 Zoll 
Wafern demonstriert. Um das Widerstandsproblem von CNT-Vias, verursacht durch eine zu 
niedrige CNT-Dichte, zu reduzieren, wird eine Technologieerweiterung vorgeschlagen. Der Ansatz 
geht von einer CNT/Metall-Heterostruktur aus, bei der das Metall mit Hilfe der 
Atomlagenabscheidung (engl. Atomic Layer Deposition − ALD) implementiert wird. Es werden 
erste Ergebnisse zur CNT-Beschichtung mit reduzierbaren Kupferoxidnanopartikeln vorgestellt und 
diskutiert. 
Stichworte 
Chemische Gasphasenabscheidung (CVD), Katalysator, Kohlenstoffnanoröhren (CNT), 
Grenzfläche, Interaktion, vertikal ausgerichtete CNT (VACNT), CNT-Zwischenschichtstruktur 
(ICNT), selektive CVD, Wachstumskontrolle, Nanopartikel, Integrierter Schaltkreis (IC), Leitbahn, 
Via, ULSI 
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1 Introduction 
The invention of the transistor by J. Bardeen and W. Brattain in the Bell labs in 1947 
and the fabrication of the first integrated circuit (IC) by J. Kilby of Texas Instruments 
and R. Noyce of Fairchild in 1958 were historical events introducing an era with 
tremendous technological developments and achievements. Over the last 40 years the 
semiconductor industry has been triggered by the so-called Moore`s law named after 
Gordon E. Moore (co-founder of Intel), who predicted in 1965 that the number of 
transistors on a chip would double every two years [1]. This resulted in a drastic 
development of ICs accompanied by a continuous shrinking of feature sizes and 
increase of computation power. Nowadays, ICs reached the ultra-large scale integrated 
(ULSI) level with microprocessor units (MPUs) based on the 45 nm technology node 
and over one billion transistors, operating at frequencies of ~ 3 GHz (e.g., Intel i5® 
processor).  
The end of traditional materials and concepts in ULSI circuits 
According to the “International Technology Roadmap for Semiconductors” (ITRS) [2], 
which summarizes requirements, solutions, and challenges for future ICs like MPUs 
and memory devices, an increase in performance will have become hard to accomplish 
by simple scaling down and optimization in the near future. By 2020 the 
14 nm technology node will have been attained and technological as well as material 
requirements are expected to be extremely challenging, whereby for several issues 
practical solutions have not been found so far. In fact, while continuous development 
led to enhancement of speed and cost reduction at the transistor level, the increased 
complexity and density of the interconnect system (architecture – Appendix A) has 
resulted in a dramatic rise in signal delay. This is related to the product of the wiring 
resistance R and the capacitance C between the wires. Although down scaling has led to 
a constant RC delay for local and intermediate interconnects, a rise in RC delay with 
global interconnects could not be avoided. Nowadays, the interconnect system is the 
main limiter of device performance. To illustrate this, the transistor delay time in the 
out of date 1 µm Al/SiO2 technology generation was ~ 20 ps and the RC delay of a 
1 mm line was ~ 1 ps [2]. On the other hand, in the current technology node with 
Cu/low-k technology the delay of the transistor is below 5 ps, while the interconnect 
RC delay of a 1 mm line is ~ 2100 ps. By 2020 the interconnect RC delay will have 
drastically gone up to ~ 34271 ps [2], which entails a stagnation in speed evolution and 
1  Introduction 
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an explosion of power consumption in the future.  
The drastic increase of resistance is also caused by the wiring resistivity, which steadily 
arises with upcoming technology nodes. This is due to surface and grain boundary 
scattering, which gain in influence as wiring dimensions approach the mean free path 
(e) of electrons in metals (e.g., e = 39 nm for Cu) [3-5]. As a result, resistivity will 
inevitably double within the next ten years. Moreover, electromigration is causing 
serious reliability problems accelerating with upcoming technology nodes. Since the 
current density continuously rises due to the reduction in the cross-section of 
interconnects and an increase in operating frequency, this will lead to the physical limits 
of Cu within the next 10 years. Power consumption of IC devices is also a critical issue, 
which limits further densification and rise in operation frequency. Lowering the 
operation voltage may help, but this has adverse effects on the signal-to-noise ratio. In 
addition, along with heat dissipation problems, the electromigration effect is intensified 
due to local temperature increase. The fabrication of IC devices creates further 
technological challenges, such as the reliable and void-free metal filling of nanosized 
vias or contact plugs. Furthermore, small dimensions require among other things very 
expensive lithography steps as well as the development of new equipment and 
processes, resulting in an explosion of costs. Hence, within the next 5 to 10 years all 
these aspects will lead to the end of “Moore`s era”, if traditional materials and concepts 
in interconnect systems are maintained.  
Carbon nanotubes as electrical interconnects  
To solve the delay and power problems several strategies have been proposed. In the 
short term, the interconnect delay problem is going to be met by circuit design 
optimization with innovative packaging and 3D-chip stacking [6]. Simultaneously, 
there are attempts to lower the capacitive coupling between interconnects by the 
reduction of the k-value of dielectric materials or by the realization of air gaps [7]. At 
the same time, more radical approaches are subject of research and development. These 
are completely new concepts, such as optical interconnects [8], which stand out due to 
speed-of-light signal propagation and a large bandwidth. Also other concepts have been 
proposed, like wireless transmission, superconductors, and carbon nanotubes (CNTs) 
[9-11]. Out of the highlighted solutions, CNTs appear most promising to replace metals 
at most levels of an interconnect system. Due to their one-dimensional nature, the 
 17 
peculiar band-structure, and the strong covalent bonds among carbon atoms, this 
material offers unique electrical, thermal, and mechanical properties. It is a fact that 
current carrying capacity is up to three orders of magnitude higher than that of Cu. 
Current can be transported ballistically and CNTs are insensitive to the 
electromigration. Additionally, thermal conductivity is up to two orders of magnitude 
higher than Cu. Moreover, integration is compatible with semiconductor process lines 
as CNTs can be grown directly at desired locations using the chemical vapor deposition 
(CVD) method. So far, research and development have concentrated on a hybrid 
solution, where vertically aligned CNT vias are combined with horizontal metal lines 
(Fig. 1.1). As CNTs can have semiconducting or metallic properties, there are also 
visions of all-carbon electronics, where transistors and all interconnects are made of 
CNTs. 
Fig. 1.1: Vision for interconnects in ICs showing a SEM cross section of a traditional 
interconnect system [12] (left) and schematics of the envisaged first stage for 
integration of carbon nanotubes as a CNT/metal hybrid structure (right). 
Although there has been a lot of research on CNTs in the last two decades, the 
integration of CNTs in electronic applications is still in the embryonic phase. Major 
reasons are huge difficulties of controlling intrinsic properties of CNTs in growth 
methods and a lack of integration technologies compatible with demands of complex 
electronic systems. Remaining technological challenges for the realization of 
applications like CNT via interconnects can be summarized as follows: 
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 Integration technologies with ULSI compatibility 
 High quality growth at temperatures lower than 450 °C  
 Reliable growth of CNTs with defined properties on wafer level 
 High density growth  
 Type-selective growth 
 Low contact resistance at the bottom and top electrode 
Present thesis deals with some of those issues, while focusing on the integration of 
CNTs in a CNT/metal hybrid structure of ULSI circuits. It gives a contribution to 
controlling the growth of CNTs and integration technology. The following Chapter 1 
starts with a basic introduction of CNTs. It addresses the bonding of carbon atoms, the 
structure of CNTs, and their transport properties. Chapter 3 is concerned with the 
growth of CNTs concentrating on the catalytic thermal CVD method. Thereby, the 
formation of catalyst nanoparticles from thin catalyst films and a review about growth 
mechanisms are given. Chapter 4 is dedicated to the experimental procedure with the 
description of used samples, the applied processes for studies of catalyst pretreatment 
and CNT growth as well as characterization methods. The Chapter 5 presents the major 
part of the work with studies of four different support/catalyst systems, which evolve 
complete different effects on CNT growth. One objective is to gain more insight into 
those effects with enlightening of interactions at interfaces. Apart from growth 
characterization, the studies focus on possibilities of controlling the growth of CNTs 
referring to the growth mode, length, structure, and inhibition. The chapter begins with 
screening studies of the support/catalyst combination SiO2/Ni to restrict suitable 
processes for catalyst nanoparticle formation and CNT growth. Subsequently, the 
system Ta/Ni is investigated, where vertically aligned growth of multi-walled CNTs 
(MWCNTs) is obtained. The role of Ta is discussed and correlated with the CNT 
growth characteristics. The system SiO2/Cr/Ni is presented as it gives a unique CNT 
film structure, which is defined as interlayer CNT film. The samples underwent an 
extensive characterization to acquire the structure, composition, and growth 
characteristics of CNT films. Finally, the W/Ni system is investigated, as it reveals 
complete growth inhibition. Chapter 6 is about the integration of CNTs in via 
structures. It starts with an overview of worldwide activities and a modeling of CNT via 
 19 
resistance. Then the CNT via fabrication technology is presented, which is based on the 
processes developed in the previous chapters, combining site-selective vertically 
aligned MWCNT growth and growth inhibition. The fabrication of via test vehicles 
with CNTs is demonstrated on wafer level. Besides, a new approach is suggested to 
address the CNT density and the conductivity problem of CNT vias. It is based on the 
fabrication of a CNT/metal heterostructure in CNT vias with the ALD method. 
Referring to this, first results of the coating of CNTs are presented. The thesis is closed 
with a summary and an outlook in Chapter 7.  
In Appendix A the traditional interconnect system of ULSI circuits and the fabrication 
of metallization levels are outlined. The ellipsometric characterization of the catalyst 
film is explained in Appendix B. Further details of the CVD equipment are given in 
Appendix C. Appendix D demonstrates the procedure for the evaluation of AFM 
measurements of nanoparticles. Appendix E contains supporting information on the 
different samples.   
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        1  Einleitung 
Die Erfindung des ersten Transistors durch J. Bardeen und W. Brattain in den Bell 
Laboratorien im Jahre 1947 und die Herstellung des ersten integrierten Schaltkreises 
(engl. Integrated Circuit – IC) durch J. Kilby von Texas Instruments und R. Noyce von 
Fairchild im Jahre 1958 sind historische Ereignisse, die eine Ära mit großen 
technologischen Entwicklungen und Errungenschaften eingeleitet haben. Der Fortschritt 
der Halbleiterindustrie wurde in den letzten 40 Jahren durch das so genannte 
Moore`sche Gesetz vorangetrieben, welches durch Gordan E. Moore, dem 
Mitbegründer von Intel, im Jahre 1965 vorhergesagt wurde. Demnach sollte sich die 
Anzahl der Transistoren alle zwei Jahre verdoppeln [1]. Dies führte zu einer rasanten 
Entwicklung von ICs mit einer kontinuierlichen Verkleinerung von funktionalen 
Elementen und zu einer Erhöhung der Rechenleistung. Heutzutage haben ICs eine 
derartig hohe Komplexität erreicht (engl. Ultra-Large Scale Integration − ULSI), dass 
Mikroprozessoren auf der 45 nm-Technologie aufbauen und über eine Milliarde 
Transistoren verfügen, die bei einer Frequenz von ~ 3 GHz betrieben werden (z.B. 
Intel i5® Prozessor). 
Das Ende von traditionellen Materialien in ULSI-Schaltkreisen 
Nach der „International Technology Roadmap for Semiconductors“ (ITRS) [2], die eine 
Übersicht über Anforderungen, mögliche Lösungen sowie Herausforderungen für 
zukünftige ULSI-Schaltkreise wie Mikroprozessoren und Speicherbauelemente gibt, 
wird eine Steigerung der Leistungsfähigkeit durch weitere Verkleinerungen und 
Optimierung in naher Zukunft immer schwerer zu realisieren sein. Ungefähr im Jahre 
2020, mit dem Erreichen der 14 nm-Technologie, werden technologische 
Anforderungen als auch Materialanforderungen extrem anspruchsvoll werden, wobei 
für einige Probleme derzeit keine praktischen Lösungen existieren. Während die 
kontinuierliche Weiterentwicklung mit einer Beschleunigung und Kostenreduktion auf 
der Transistorebene einherging, führte die erhöhte Komplexität und Dichte des 
Leitungssystems (Architektur – Anhang A) zu einer dramatischen Zunahme der 
Signalverzögerung. Diese folgt aus dem Produkt des Leitungswiderstandes R und der 
Kapazität C zwischen den Leitern. Während durch eine kontinuierliche Verkleinerung 
das RC-Produkt für lokale und mittellange Verbindungen relativ konstant geblieben ist, 
konnte ein Anstieg des RC-Produktes für die globalen Verbindungen dagegen nicht 
vermieden werden. Gegenwärtig hat das Leitungssystem den größten Anteil zur 
Signalverzögerung und begrenzt die Leistungsfähigkeit von Mikroprozessoren. Dies 
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verdeutlicht auch ein Vergleich der Transistorverzögerung und der RC-Verzögerung. In 
der veralteten 1 µm-Al/SiO2-Technologie hatten Transistoren eine Verzögerung von 
~ 20 ps, während die RC-Verzögerung einer 1 mm langen Leitung ~ 1 ps betrug [2]. 
Dagegen liegt die Transistorverzögerung in der jetzigen Cu/low-k-Technologie bei 
weniger als 5 ps, wogegen das RC-Produkt einer 1 mm langen Leitung ~ 2100 ps 
beträgt. Bis zum Jahre 2020 wird das RC-Produkt bis auf ~ 34271 ps zunehmen [2], was 
eine Stagnation der Rechengeschwindigkeit und eine deutliche Zunahme des 
Energieverbrauchs zur Folge hat. Der drastische Anstieg des Widerstandes wird auch 
durch eine stetige Zunahme des spezifischen elektrischen Widerstandes des 
Leitbahnmaterials verstärkt, denn mit der Verkleinerung nähern sich die 
Leitungsdimensionen der mittleren freien Weglänge von Elektronen (e) in Metallen 
(z.B. e = 39 nm für Cu). Dies führt zu einer vermehrten Elektronenstreuung an 
Korngrenzen und an der Leiteroberfläche [3-5]. Infolgedessen wird sich der spezifische 
elektrische Widerstand in den nächsten 10 Jahren verdoppeln. In zukünftigen 
Technologiegenerationen muss auch einer zunehmenden Elektromigration große 
Aufmerksamkeit geschenkt werden, da diese ernste Zuverlässigkeitsprobleme 
verursacht. Durch die Verkleinerung der Dimensionen und die Erhöhung der 
Arbeitsfrequenzen wird die Stromdichte kontinuierlich ansteigen und innerhalb der 
nächsten 10 Jahre unvermeidlich an die physikalischen Grenzen von Kupfer führen. Der 
Leistungsverbrauch von ICs ist ebenfalls ein kritischer Punkt, der einer weiteren 
Erhöhung der Komplexität und Betriebsfrequenz von ICs Grenzen setzt. Eine 
Reduzierung der Betriebsspannung könnte etwas helfen, allerdings wirkt sich das 
negativ auf das Signal-zu-Rausch Verhältnis aus. Darüber hinaus wird der 
Wärmeabtransport zunehmend schwieriger, was zu einer weiteren drastischen 
Verstärkung von Elektromigrationseffekten infolge lokaler Temperaturerhöhung führt. 
Die Herstellung von IC-Bauelementen stellt ebenfalls eine besondere technologische 
Herausforderung dar. Zu nennen ist hierbei z.B. die lückenlose Metallfüllung von Vias 
oder Kontakten (plugs) mit Dimensionen im Nanometerbereich. Zukünftig verlangen 
derartig kleine Strukturen u.a. auch eine sehr aufwendige Lithographie und die 
Entwicklung von neuen Anlagen und Prozessen, was mit einer Kostenexplosion 
einhergeht. Für den Fall, dass herkömmliche Materialien und Konzepte beibehalten 
werden, beenden die angeführten Aspekte in den nächsten 5 bis 10 Jahren die 
„Moore`sche Ära“. 
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Kohlenstoffnanoröhren als elektrische Leitungsverbindungen  
Um das Signalverzögerungs- und Energieproblem zu lösen, werden verschiedene 
Strategien verfolgt. Auf kurze Sicht soll durch eine Optimierung des Schaltungsdesigns, 
wie innovatives Packaging oder 3D-Chip Stapelung der Signalverzögerung 
entgegengewirkt werden [6]. Gleichzeitig gibt es Bestrebungen, die kapazitive 
Kopplung zwischen den Leitern durch dielektrische Materialien mit niedrigerem k-Wert 
oder air gaps [7] zu verringern. Es sind auch radikalere Ansätze Gegenstand der 
Forschung und Entwicklung. Dies wären einerseits vollständig neue Konzepte wie 
optische Verbindungen [8], die durch Signalübertragung mit Lichtgeschwindigkeit und 
hohe Bandbreite hervorstechen könnten und andererseits neuartige Konzepte zu denen 
die Funkübertragung, supraleitende Systeme und Kohlenstoffnanoröhren (engl. Carbon 
Nanotubes – CNTs) gehören [9-11]. Letztere erscheinen besonders geeignet, 
metallische Leiter in nahezu jeder Ebene des Leitbahnsystems zu ersetzen. Auf Grund 
ihrer eindimensionalen Struktur, ihrer besonderen Bandstruktur und den starken 
kovalenten C-C-Bindungen bietet dieses Material einzigartige elektrische, thermische 
und mechanische Eigenschaften. So ist zum Beispiel die Stromtragfähigkeit bis zu drei 
Größenordnungen höher als bei Kupfer, der Elektronentransport kann ballistisch 
erfolgen und zudem sind CNTs unempfindlich gegenüber Elektromigration. 
Desweiteren ist die thermische Leitfähigkeit bis zu zwei Größenordnungen höher als 
bei Kupfer. Ein weiterer Vorteil besteht darin, dass die Erzeugung von CNTs 
kompatibel mit Halbleiterprozessen ist, weil CNTs an ausgewählten Stellen mit der 
chemischen Gasphasenabscheidung (engl. Chemical Vapor Deposition – CVD) 
abgeschieden werden können. Bisherige Forschungs- und Entwicklungsanstrengungen 
konzentrieren sich auf die Realisierung einer Hybridstruktur, in der vertikale CNTs mit 
horizontalen Metallleiterbahnen kombiniert werden (Fig. 1.1, pp. 17). Da CNTs 
halbleitende oder metallische Eigenschaften haben können, existieren auch Visionen 
vollständig kohlenstoffbasierte Schaltkreise zu schaffen, in denen Transistoren und das 
gesamte Leitbahnsystem durch CNTs realisiert werden. Trotz intensiver 
Forschungsarbeiten in den letzten beiden Jahrzehnten ist die Integration von CNTs in 
elektronische Bauelemente in einem frühen Stadium. Große Probleme stellen 
mangelnde Kontrollmöglichkeiten von intrinsischen Eigenschaften von CNTs in 
Wachstumsprozessen und Integrationstechnologien dar, die kompatibel mit den 
Anforderungen von komplexen elektronischen Systemen sind. Die technologischen 
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Herausforderungen für die Realisierung von CNT-Leitbahnsystemen können wie folgt 
zusammengefasst werden: 
 ULSI kompatible Integrationslösungen 
 Hochqualitatives Wachstum bei Temperaturen unter 450 °C 
 Zuverlässiges Wachstum mit definierten Eigenschaften auf Waferlevel 
 Sehr dichtes Wachstum 
 Typenselektives Wachstum 
 Niedrige Übergangswiderstände an den CNT/Metall Kontakten 
Diese Dissertation befasst sich mit einigen dieser Punkte, wobei der Schwerpunkt auf 
die Integration von CNTs als vertikale Leitungsverbindungen in CNT/Metall-
Hybridstrukturen von ULSI-Schaltkreisen gelegt wird. Es wird ein Beitrag zur 
Wachstumskontrolle und Integrationstechnologie geleistet. Kapitel 2 beginnt mit einer 
grundlegenden Einführung zu CNTs. In diesem Kapitel werden Bindungen von 
Kohlenstoffatomen, die Struktur von CNTs und deren Transporteigenschaften 
vorgestellt. Das Wachstum von CNTs behandelt das Kapitel 3, wobei primär auf die 
katalytisch aktivierte thermische CVD eingegangen wird. In dem Kapitel werden auch 
die Formierung von Katalysator-Nanopartikeln aus dünnen Metallschichten und die 
CNT-Wachstumsvorgänge beschrieben. In Kapitel 4 werden die experimentelle 
Vorgehensweise, die Beschreibung der Ausgangsproben, die angewandten Prozesse zur 
Probenvorbehandlung und das CNT-Wachstum sowie die angewandten 
Charakterisierungsmethoden dargelegt. Den Hauptteil der Arbeit stellt das Kapitel 5 
dar. Es werden vier verschiedene Substrat/Katalysator-Systeme vorgestellt, die sich 
unterschiedlich auf das CNT-Wachstum auswirken. Durch die Betrachtung von 
Interaktionen an den Grenzflächen werden einige Effekte näher beleuchtet. Neben der 
Wachstumscharakterisierung liegt der Schwerpunkt der Untersuchungen auf 
Kontrollmöglichkeiten für das Wachstum bezüglich Wachstumsmodus, Länge, Struktur 
und Wachstumsunterbindung. Das Kapitel 5 beginnt mit Voruntersuchungen an dem 
Substrat/Katalysator-System SiO2/Ni, um geeignete Prozesse für die 
Katalysatorformierung und das CNT-Wachstum einzugrenzen. Daran anschließend 
wird das Ta/Ni-System untersucht, wo vertikales Wachstum von mehrwandigen CNTs 
(engl. Multi-Walled CNTs − MWCNTs) erreicht werden soll. Auf der Grundlage einer 
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detaillierten Katalysatorcharakterisierung wird die Rolle des Tantals diskutiert und 
dessen Bedeutung für die CNT-Wachstumscharakteristik untersucht. Das SiO2/Ni/Cr-
System wird analysiert, weil es eine einzigartige CNT-Schichtstruktur bildet, die als 
Zwischenschichtwachstum (engl. Interlayer-CNT) definiert wurde. Diese Proben 
wurden umfassenden Untersuchungen unterzogen, um die Struktur, Zusammensetzung 
und Wachstumscharakteristik zu erfassen. Das W/Ni-System wurde untersucht, weil in 
diesem System eine vollständige Wachstumsunterbindung zu beobachten war. 
Anschließend befasst sich das Kapitel 6 mit der Integration von CNTs in 
Via-Strukturen. Es beginnt mit einem Überblick über die weltweiten Aktivitäten auf 
diesem Gebiet und Betrachtungen zu CNT-Via-Widerständen. Danach wird die 
Technologie für die CNT-Via-Herstellung vorgestellt. Dabei wird auf den in den 
vorrangegangenen Kapiteln entwickelten Prozessen aufgebaut und lokales vertikales 
MWCNT-Wachstum mit lokaler Wachstumsunterbindung kombiniert. Die Herstellung 
von Via-Testvehikeln mit CNTs wird auf Waferlevel demonstriert. Darüber hinaus wird 
ein neuer Ansatz vorgeschlagen, um das Dichte- und Widerstandsproblem von 
CNT-Vias zu reduzieren. Dieser Ansatz sieht die Erzeugung einer 
CNT/Metall-Hybridstruktur in Vias vor. Dazu werden erste Ergebnisse mit ALD 
beschichteten CNTs vorgestellt. Die Dissertation schließt in Kapitel 7 mit einer 
Zusammenfassung und einem Ausblick.  
Im Anhang A wird das traditionelle Leitbahnsystem von ULSI-Schaltkreisen und die 
Herstellung der Metallisierungsebenen beschrieben. Im Anhang B wird die 
ellipsometrische Charakterisierung der Katalysatorschichten vorgestellt. Weitere 
Details zum CVD-Reaktor sind in Anhang C zu finden. Anhang D demonstriert die 
Prozedur zur Auswertung der AFM-Messungen von Nanopartikeln. Im Anhang E 
werden weitere Informationen zu verschiedenen Proben gegeben. 
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2 Fundamentals of carbon nanotubes 
2.1 Chemical bonds in carbon structures 
Carbon is a unique element appearing in many different configurations of the electronic 
states, which leads to materials like graphite, buckyballs, carbon nanotubes, and 
diamond having basically the same chemical composition but different crystal structure. 
This is known as allotropy of carbon. Carbon has six electrons occuping 1s², 2s², and 
2p² orbitals. The 1s² electrons are two strongly bonded core electrons, whereas the 2s² 
and 2p² electrons are weakly bonded valence electrons. The valence electrons give rise 
to 2s, 2px, 2py, and 2pz orbitals in the crystalline phase. Those are important in forming 
covalent bonds in carbon materials. As the energy difference between the upper 2p and 
the lower 2s orbitals are relatively small in comparison to other elements of the fourth 
group like Si, the electron wave functions can easily mix with each other, which is 
called hybridization [13]. In spn hybridization, (n + 1)  bonds are responsible for the 
local structure. Thus, in sp hybridization, a one-dimensional chain structure is formed, 
which is called carbyne. A sp2 hybridization forms a planar two-dimensional structure 
known as graphene or graphite. In sp3 hybridization, a regular tetrahedral three-
dimensional structure is formed, which is known as diamond. In graphite, besides the 
three in-plane  bonds also out-of-plane  orbitals are formed with strongly delocalized 
electrons predominantly contributing to the electrical and thermal conductivity. The 
interaction of loose  electrons with light causes graphite to appear black. Further, the 
weak Van-der-Waals interaction among graphite sheets makes graphite soft as graphene 
sheets can easily displace relative to each other. A carbon nanotube can be considered 
as a rolled up graphite sheet and thus as a one-dimensional structure. Bonding in 
nanotubes is basically sp2. However, the circular curvature causes quantum confinement 
and - rehybridization in which the three  bonds are slightly out-of-plane. 
2.2 Structure of carbon nanotubes 
In 1991 Iijima observed multi-walled carbon nanotubes (MWCNTs) with high 
resolution transmission electron microscopy (HRTEM) [14] for the first time. Two 
years later the discovery of single-walled carbon nanotubes (SWCNT) followed [15]. 
Fig. 2.1 illustrates HRTEM images of SWCNTs and MWCNTs. A SWCNT can be 
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described as a hollow cylinder made of a graphene sheet with a diameter of 0.4 – 4 nm. 
The lower diameter limit is determined by the curvature induced strain energy. Large 
diameter CNTs tend to collapse if not stabilized with other shells, as in the case of 
MWCNTs. For MWCNTs there is a large spectrum for inner (din) and outer diameters 
(dout). Typically, inner diameters start at about 2 nm and outer diameters can reach 
values up to ~ 100 nm. The relation din/dout is in the range 0.3 to 0.5. Between adjacent 
shells there is no covalent bonding and the intertube spacing is  = 0.34 nm. In CNT 
bundles  is also the minimum spacing between CNTs. The length of a CNT can be 
controlled during growth and is only limited by the stability of the growth process. 
Aspect ratios (length/diameter ratio) are remarkably large with typical values in the 
order of 103 − 106. 
a) b)
 
Fig. 2.1: HRTEM observation of SWCNT (a) and MWCNT (b) reported by Iijima [14, 15]. 
The structure of a CNT shell is defined by the chiral vector Ch  
),(21 mnmnh  aaC , (n, m are integers; )0( nm  ) (1) 
where a1 and a2 are the real space unit vectors of the hexagonal lattice and (n, m) is the 
pair of integers representing the specific CNT shell (see Fig. 2.2) [13]. Hence, a 
SWCNT can be described by rolling up a graphene sheet in such a way that both ends 
of the vector Ch are superimposed. The diameter is given by 
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
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/
22 mnmna
d hC
 C , (2) 
where  21 aaa 0.246 nm is the lattice constant of graphite [13]. The tubes with 
n = m and m = 0 are called armchair and zigzag tubes, respectively. Others are called 
chiral tubes with the chiral angle  
nm
m
2
3tan 1 
 , (3) 
which is the angle between the vector Ch and the zigzag direction a1. The unit vector of 
the one-dimensional CNT is the translation vector T 
2211 aaT tt  , (4) 
where t1 and t2 are integers. This vector is parallel to the tube axis and perpendicular to 
Ch.  
a) b) 
 
Fig. 2.2: Unrolled hexagonal lattice of a (4, 2) SWCNT (a). The unit cell of the SWCNT is 
defined with the chiral vector Ch and the translational vector T. (4, 2) SWCNT after 
rolling up the graphene sheet (b). 
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Thus, Ch · T = 0 has to be fulfilled, which means that 
g
nmt  21  and g
mnt  22 , (5) 
where g is the greatest common divisor of (2m + n) and (2n + m). The chiral vector Ch 
and the translational vector T describe the unit cell of a CNT shell. The number of 
atoms in a unit cell is 2N, whereas N is the number of bonding pairs (, *) according 
to 
g
mnmnN )(2
22 
.
 (6) 
With these equations, the structure of any SWCNT or shell in a MWCNT can be 
described. Further, the set of (n, m) determines the electrical properties of CNTs. 
Defective carbon nanotubes 
In general, CNTs are not free of defects. Defects induce the formation of caps, bents, 
branches, and helical structures. Most of these structures are believed to have 
topological defects, such as pentagons and heptagons incorporated into the hexagonal 
network. Moreover, MWCNTs include structural defects such as non-tubular carbon 
nanofibers and bamboo structures. Compared to SWCNTs, MWCNTs are relatively 
more defective having structural as well topological defects. All these defects affect 
physical properties, like mechanical or transport properties. 
2.3 Electronic structure of carbon nanotubes 
To explain the electronic structure and properties of a CNT it is useful to start with 
graphene. In the two-dimensional (2D) hexagonal lattice of graphene, three  bonds 
hybridize in a sp2 configuration, while the orbitals perpendicular to the graphene plane 
(2pz) make  bonds. Hereafter, just  bands are considered as those are most important 
for material properties. In graphene a bonding  band and an antibonding * band are 
formed with an overlap between 2pz orbitals of adjacent atoms. Accordingly, the 2D 
electronic structure of the  electrons is given by 
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where kx and ky are the wave vector components in the reciprocal space and 0 denotes 
the nearest-neighbor overlap integral [13]. Two different signs represent the  and 
* bands. In Fig. 2.3 graphene`s energy dispersion is illustrated with the bluish surface. 
The boundary of the first Brillouin zone (BZ) is marked with the hexagon that includes 
high symmetry points  (kx,y = 0), K, and M. At the K points of the BZ, the energy 
dispersion shows a linear dependency. At the limit of zero temperature the  band is 
completely filled, while the * band is empty. Consequently, at the K points the density 
of electron states at the Fermi energy (EF) is zero, which explains why graphene is a 
zero bandgap semiconductor. The electronic structure of a SWCNT can be derived from 
the band structure of graphene. As mentioned above, the structure of a SWCNT can be 
described as a rolled-up graphene sheet. For the electronic structure this means that 
along the circumferential direction (Ch) the wave vectors become quantized, while 
along the tube (T) the wave vectors appear quasi continuous (length of the tube >> dC). 
In other words, the rolled-up chiral vector Ch leads to the periodic boundary conditions, 
which define allowed modes along the tube axis according to  
µh 2 kC  (   = 0, ... , N-1), (8) 
where k is the wave vector. Inserting constraint (8) into equation (7) gives a set of 1D 
energy dispersions, which can be visualized by extracting slices of graphene`s band 
structure. Fig. 2.3 b−e visualizes the projection of allowed states onto graphene`s 
dispersion relation and the extracted 1D dispersion relations for a (3, 3) and a (4, 2) 
nanotube. The first BZ of a SWCNT is a set of equidistant lines, whose spacing and 
length are given by (n, m) [13]. The number of cutting lines or the number of bands is 
determined by the number of bonding pairs (N) in the SWCNT unit cell. The electronic 
type can be deduced from the superposition of the cutting lines and the band structure 
of graphene. In the case a cutting line crosses any K point of graphene`s BZ the CNT 
shows metallic behavior, while no crossing results in semiconducting behavior. Thus, 
from simple geometrical considerations metallic behavior is obtained for  
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zmn 
3
 (with z  integer) [13]. (9) 
This relation means that 1/3 of all possible SWCNTs are metallic and 2/3 are 
semiconducting. One should acknowledge the fact that the criterion for metallic 
behavior is an approximation, valid for SWCNTs > 1.5 nm where curvature effects can 
be neglected. For smaller diameter nanotubes, - rehybridization has to be taken into 
account. 
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Fig. 2.3: Energy dispersion relation of 2D graphene (a). Projection of the allowed states on the 
band structure of graphene for a (3, 3) and a (4, 2) SWCNT (b and d). The 1. BZ of a 
SWCNT is marked by the thick red lines. Due to translational symmetry, these bands 
are continuous for a long nanotube (doted lines). 1D dispersion relation in the 1. BZ for 
a (3, 3) and a (4, 2) SWCNT (zone-folding method) (c and e). 
It was found that - rehybridization can open a small gap (< 0.1 eV) for non-armchair 
SWCNTs (z ≠ 0) [16]. In literature these SWCNTs are called semi-metallic or small-
gap semiconductors. Principally, just armchair nanotubes (n = m) are intrinsically 
metallic. However, the curvature effect disappears fast with increasing diameter and the 
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metallic behavior prevails. SWCNTs that not fulfill equation (9) are semiconductors 
with a direct bandgap. The bandgap Eg can be calculated with  
C
cc
g d
aE 0 ,  (10) 
where 3/aaCC   is the nearest neighbor distance and  is ~ 2.5 eV [13]. Thus, the 
bandgap of a SWCNT inversely scales with the diameter. For instance, a 
semiconducting SWCNT with a diameter of 1 nm has a band gap of ~ 0.7 eV.  
2.4 Properties of carbon nanotubes 
The unique structure and bonding in carbon nanotubes are the main reasons for their 
outstanding mechanical, electrical, and thermal properties. Due to the 1D structure, all 
these properties are highly anisotropic with a distinct characteristic along the tube axis. 
Extreme mechanical properties arise from the molecular tube structure with extreme 
aspect ratios and the strong bonding between carbon atoms. CNTs show remarkable 
flexibility and can withstand high tensile strength, which makes them very interesting 
for reinforcement of composites and other applications [17, 18]. For the Young`s 
modulus and the tensile strength typical values are ~ 1 TPa and ~ 30 GPa, respectively 
[19], which are significantly higher than for other materials. Thereby, mechanical 
properties depend on the structure of CNTs (SWCNT or MWCNT), defects, and 
bundeling.  
CNTs are more or less chemically inert, but it remains a certain reactivity compared to 
2D graphene. Enhancement of reactivity is due to curvature and misalignment of 
 orbitals, which is in particular found at defect sites [20]. 
Furthermore, CNTs show high sensitivity to deformation, gases, radiation, electric, and 
magnetic fields. This explains a huge interest in various sensor applications [17, 21-25].  
The tunable electrical properties provide many integration possibilities in electronic 
devices. Specifically, the electronic structure of a SWCNT is either metallic or semi-
conducting. For semiconducting CNTs it was found that charge-carrier mobility 
exceeds those of any other semiconductor. Therefore semiconducting SWCNTs have 
been proposed for applications in nanoelectronics as high-speed field-effect transistors 
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(FETs) [26-30]. For interconnects in IC devices particularly the electrical and thermal 
transport properties are of interest, which are going to be explained more in detail. 
2.4.1 Electrical conductivity 
Carbon nanotubes are 1D ballistic conductors. Depending on their structure (n, m) and 
extrinsic parameters (electric field, deformation, etc.) CNTs can be semiconducting or 
metallic. In the metallic state, the total resistance along the tube axis is determined by 
the sum of all contributing subbands in a nanotube and is given by  
effeff
CNT Me
h
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2
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 , (11) 
where G0 denotes the quantized conductance, h stands for the Planck constant, e is the 
elementary charge, M determines the apparent number of conducting channels, and eff 
is the effective transmission coefficient [13]. Note that, G0 includes the spin degeneracy 
of electrons in the subbands. For a perfect metallic SWCNT and perfect contacts 
(eff = 1), two contributing energy bands are found meaning that M = 2. This gives a 
theoretical conductance of 4e2/h or a quantum resistance RCNT = 6.5 k for a metallic 
SWCNT. For larger diameter shells (dC > 3 nm), as found in MWCNTs, the number of 
conducting channels for each shell can be approximated by  
  CC ddM )( , (12) 
with  = 0.0612 nm-1,  = 0.425, and assuming that one third of shells are metallic [31]. 
Thus, the number of conducting shells increases linearly with the shell diameter. For an 
MWCNT with dC > 3 nm the total number of conducting channels is 

shells-all
)( CMWCNT dMM
. 
 (13) 
However, equations (11−13) are just valid for length shorter than the electron mean free 
path (e). In an extended consideration, different scattering mechanisms have to be 
taken into account. These are scattering on acoustical and optical phonons as well as 
scattering on defects or impurities. Those effects and parameters, such as CNT 
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dimensions, electric field, and temperature, determine e. This yields an imperfect 
transmission coefficient  
1
1
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e
eff
L
 , (14) 
where L denotes the CNT length [31]. Hence, the total resistance is 
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Experiments showed that e can reach values of ~ 8 µm for SWCNTs [32] and up to 
~ 25 µm for MWCNTs [33]. This was supported by theoretical considerations 
suggesting that e increases proportionally with the diameter [34]. However, for sub-
micron interconnects electron-phonon scattering is of less relevance. Electron-phonon 
scattering becomes particularly important at high bias operation and long CNTs [35]. 
With increasing bias, resistance increases almost linear, which could lead to current 
saturation due to massive phonon emission [36]. As electron scattering is strongly 
suppressed in CNTs, electrons can accumulate energy in an applied electric field. At the 
point where the energy exceeds ~ 180 meV, which is the required energy to excite an 
optical phonon, spontaneous emission can occur. Hence, emission events are 
proportional with the applied electric field. Suppression of current is only observed at 
very short CNTs [37] or by adjustment of the CNT environment, such as in the case of 
supported CNTs [38]. Nevertheless, for interconnects, scattering at optical phonons 
plays a minor role due to low bias operation.  
Resistance of a CNT is further determined by defects, intertube coupling, and the 
contacts, which explains why resistance values are in general significantly higher than 
the theory. A contact resistance (excluding RCNT) in the order of several k is often 
found, whereby the electrical contact depends on the superficial state of the metal, the 
kind of metal, and the metal-CNT interface. 
Finally, the current transport can be ballistically and the current carrying capacity can 
reach values of up to ~ 109 A/cm² [39], which is two to three orders of magnitude 
higher than that of copper.  
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2.4.2 Thermal conductivity 
Thermal properties of a material are determined by the phonons and the electrons, 
whereas in most materials the electron contribution prevails. By contrast, in CNTs 
thermal transport is dominated by surface phonons [13]. A CNT behaves basically as a 
1D phonon waveguide with extraordinary thermal properties along the tube axis. Strong 
sp2 bondings are the origin for high thermal conductivity. Experiments have confirmed 
values of up to ~ 6000 W/mK [40] which is 5 − 10 times higher than for copper. 
However, due to the 1D structure of CNTs the thermal conductivity is strongly 
anisotropic evolving its effect along the tube axis. Due to outstanding thermal 
properties, CNTs have been introduced as the future material for thermal management 
[41, 42] in electronic devices.  
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3 Synthesis of carbon nanotubes 
3.1 Overview on synthesis methods 
There are several methods for the preparation for carbon nanotubes. The arc-discharge 
method [14, 43], which was originally developed for mass production of C60 fullerenes 
[44], is well suited to produce good quality MWCNT and SWCNT raw material. An 
arc-discharge is initiated between graphite electrodes under controlled atmosphere and 
CNTs grow from the electrode material at high temperatures. While for the growth of 
MWCNTs a catalyst is not necessarily required, for the growth of SWCNTs transition 
metal catalysts such as Fe, Ni, Co, or different metal mixtures are necessary.  
In the laser-ablation method, a focused laser beam is used to evaporate a graphite target 
[45]. At temperatures of ~ 1200 °C, SWCNTs and MWCNTs can be grown, similar to 
the arc-discharge technique. Good quality material with less amorphous carbon 
impurities in small quantities can be prepared with laser-ablation.  
Another technique is the high-pressure CO-based synthesis (HiPco), which is derived 
from carbon fiber synthesis [46]. In this process, catalysts like Fe are exposed to carbon 
monoxide below the pyrolysis temperature, which initiates CNT formation. The method 
is well suited to produce large quantities of good quality SWCNT material. 
The chemical vapor deposition (CVD) process is widely used for CNT growth [47]. In 
contrast to the other methods, CNTs can be grown directly on different substrates at 
moderate temperatures, which allow direct integration of CNTs in envisaged 
microelectronic applications. The CVD is a catalytically activated process, which 
allows growing various forms of carbon structures like MWCNTs, SWCNTs, or carbon 
fibers. Starting point is the formation suitable catalyst nanoparticles, which determine 
site of growth and diameter of CNTs. Most common catalyst materials are transition 
metals like Fe, Ni, or Co. The CVD process involves heating of a catalyst to 
temperatures in the range of 400 to 1000 °C and introduction of a carbon precursor 
(CH4, C2H2, C2H4) initiating CNT growth. Different modifications of the CVD have 
been developed. Most common are the “thermal CVD” or just CVD and the plasma 
assisted CVD (PECVD). In CVD, chemical reactions on the catalyst are induced by 
heating of the samples. In PECVD reactions are supported by an additional activation of 
gas species [48]. An associated method is the floating catalyst approach, used for 
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continuous production of CNTs with large quantities. There, a vaporized catalyst (e.g., 
from ferrocene) is brought into reaction with a hydrocarbon gas in a gas stream [49].  
3.2 Chemical vapor deposition for the growth of CNTs 
3.2.1 Catalyst formation from thin metal films 
A prerequisite for the CVD of CNTs is a catalyst in form of a nanosized particle or 
grain. Catalyst particles can be prepared with several methods like solution based 
methods [50] or the deposition of pre-selected nanoparticles [51]. Most common is the 
formation of nanoparticles from thin catalyst films. Those films are typically thinner 
than 10 nm and are deposited with techniques, such as physical vapor deposition 
(PVD), atomic layer deposition (ALD), or galvanic processes. Through an annealing 
step before CNT growth, which is in general performed under H2 atmosphere 
conditions, these films transfer to the nanoparticle (NP) films. This is driven by the 
minimization of the total free energy G, which determines island density and diameter 
[52]: 
 
i
iiV UwGvG  , (16) 
where v and wi are geometrical constants, Gv denotes the free energy change per unit 
volume, and i stands for the surface tensions of the supporting layer, the catalyst layer, 
and the interface. The change in strain energy U is determined by the lattice mismatch 
between the substrate and the film. 
Reformation of films can be classified in three different film formation modes [53]: 
Volmer-Weber mode or 3D island formation is obtained when the film material has a 
high surface tension compared to the substrate. Stranski-Krastanov mode (2D + 3D) is 
observed in the case of a high support/film interface tension and a certain lattice 
mismatch. In the Frank-van-der-Merwe mode a high interface tension and low lattice 
mismatch causes 2D island growth.  
The shape of an island is determined by the surface and interface tension. Thereby, the 
contact angle of a cap shaped nucleus, formed on a flat substrate, yields the Young`s 
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equation for the contact angle   
FV
FSSV

 cos , (17) 
where SV, FS, and FV are the surface tensions of the support against vacuum, the 
interface tension between the support and the film, and the surface tension of the film 
against vacuum, respectively. Moreover, the surface tension is a function of temperature 
according to  
dT
dTTTT MM
 )()()(  ,  (18) 
where (TM) and d/dT are parameters at the melting temperature TM [53]. From the 
thermodynamic point of view, the adhesion energy Ead between two phases can be 
calculated according to Ead = FV + SV - FS. Together with equation (17), this yields the 
Young-Dupre equation 
)cos1(   FVadE . (19) 
3.2.2 CNT growth mechanism  
More than 30 years ago Baker et al. [54] proposed a model for carbon nanofiber and 
amorphous carbon formation on the basis of the vapor-liquid-solid (VLS) model, which 
was originally developed to describe the formation of silicon whiskers through 
catalytically active gold particles [55]. In this model “vapor” represents the gaseous 
precursor, “liquid” is the phase state of the catalyst, and “solid” represents the formed 
solid material. However, in recent years new insights into physical and chemical 
mechanisms and growth of CNT at temperatures as low as 350 °C [56], arouse a huge 
debate about growth mechanisms and the validity of the VLS model. Low temperature 
growth was partly explained with size effects as the melting temperature is influenced 
by the surface curvature. This is expressed with the Kelvin equation, which reveals a 
significant reduction of the melting temperature for nanosized particles [57, 58]. In the 
growth of small diameter CNTs (e.g., SWCNTs) the size effect has to be certainly 
assumed. By contrast, at larger diameters only a liquid like coat on the NPs is 
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conceivable in the form of superficially delocalized atoms at strongly curved sites. 
Furthermore the dissolution of C in the metal can affect the melting temperature. 
According to the Schroeder relation, this can lead to a melting temperature reduction 
below the critical concentration for carbide formation [59]. However, a crystalline state 
of the catalyst was observed with in-situ TEM observations during CNT growth [60]. 
Detailed kinetic growth studies of Hofmann et al. [61] revealed that the transport of C 
on the NPs is predominantly over surface diffusion and the rate determining step in a 
thermal CVD process is the abstraction of an H atom from the hydrocarbon gas. Similar 
conclusions were made by Pirard et al. [62] with in-situ mass spectroscopy studies. 
Further investigations highlighted the composition of the catalyst during growth with 
in-situ XPS studies, which showed a metastable carbide in the initial phase of CNT 
growth [63]. Esconjauregui et al. [64] examined many different metal catalysts and 
found that the ability to form metastable carbides determines about catalytic 
effectiveness in the growth of CNTs. Thus, when a transition metal reacts with carbon, 
it tends to overlap its d orbitals with the p orbitals of the carbon [65]. The reactivity is 
determined by the number of vacancies in the d orbitals. Hence, metals with few 
d vacancies such as Fe, Ni, or Co, which are the most common CNT catalysts, 
decompose carbon sources and dissolve C up to a certain amount. After formation of 
superficial carbides, they decompose due to the moderate C-metal interaction. On the 
other hand metals with many d vacancies (e.g., Ti) form stable carbides, while metals 
with full d orbitals (e.g., Cu) show almost no interaction and dissolve only a trace 
amount of C. However, for very small catalyst particles (< 3 nm) surface effects 
dominate and the spectra of suitable catalyst materials is extended to many metals such 
as Au, Ag, Cu, Pt, and Pd [66] or even non-metals like SiO2, TiO2, and Al2O3 [67]. 
Based on those findings and further information gathered from literature, the formation 
of CNTs can be described with three stages:  
1. Induction: Assuming catalyst nanoparticles, CNT growth starts with the introduction 
of a hydrocarbon gas and the diffusion of gas species to the catalyst surface at a 
temperature, where free pyrolysis of common hydrocarbon gases (e.g., CH4, C2H2, 
C2H4) is unlikely. Adsorption of different gas species at the catalyst surface depends on 
several parameters like the temperature, the catalyst surface, the adsorbates and their 
concentration. The release of carbon takes place at the catalytic sites through several 
intermediate steps, where hydrogen is abstracted [59]. In this abstraction process, the 
3.2  Chemical vapor deposition for the growth of CNTs
 
41 
temperature and the concentration of hydrogen, used as a supporting gas, play an 
important role [68]. Of particular importance in the induction stage and also in the 
growth stage is the right balance between incoming C material and its conversion. A 
proper choice of the gas composition is important to minimize the risk of catalyst 
deactivation due to immoderate C release and overcoating. After release, C can dissolve 
in the catalyst until a certain limit. Basically, this is determined by the number of 
d vacancies of the metal as mentioned above, but can be derived also from the metal-C 
phase diagram [69]. According to the growth model of Esconjauregui et al. [64], the 
initially deposited C activates the catalyst to form superficial metastable carbides. 
Those block further carbon diffusion and decompose. 
2. Nucleation: Decomposed carbides segregate and form the first graphene/graphite 
layer, which grows due to the energy gain per incorporated C atom [70]. At the same 
time a concentration gradient forms that initiates further decomposition of carbon 
precursor at available catalytic sites.  
3. Growth: In the case of a continuous incorporation of C and an adequately curved 
catalyst surface, the graphene/graphite layer can detach from the catalyst. This forms a 
tubular structure, the CNT. The outer diameter of the CNT can be controlled by the 
particle diameter. Growth of CNTs depends on several competing processes. Rates of 
adsorption, diffusion, and incorporation of C atoms have to be well balanced to avoid 
self-termination of the catalyst and to reduce defects in CNTs. Growth rate is 
determined by the CNT diameter, catalyst properties, accessible catalyst sites, 
activation grade of precursor species, and the temperature. Thereby, temperature 
dependency of the growth rate follows an Arrhenius law. Incorporated defects in the 
CNT structure are partly healed at the CNT/catalyst interface during the growth [71, 
72].  
The support/catalyst interaction and process conditions determine about two growth 
modes, which are the tip and root growth mode as illustrated in Fig. 3.1. The tip growth 
mode (Fig. 3.1 a, b) is usually obtained in case of a weak support/catalyst interaction, 
where catalyst nanoparticles can readily detach from the support. The growth mode is 
often obtained in plasma enhanced CVD processes due to the electric fields or one-
sided ion bombardment. The root growth mode (Fig. 3.1 c, d) is usually found in the 
case of a strong support/catalyst interaction. There, carbon precipitates from the top side 
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of the catalyst, while the catalyst remains attached to the support. 
Fig. 3.1: HRTEM and schematics of MWCNTs in tip growth mode (a-[61] and b) and root 
growth mode (c-[60] and d). 
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4 Experimental 
Present chapter describes the experimental procedure with the preparation of different 
samples as well as the processes for the catalyst pretreatment and for the CNT growth. 
Furthermore, the equipment and the characterization methods are introduced.  
4.1 Preparation of samples  
The used substrate material for all samples was p-type silicon with (100) crystal 
orientation. To prevent catalyst diffusion or silicide formation, the silicon wafers 
(4 inch) were covered with a thermal oxide of 100 nm thickness after SC1/SC2 cleaning 
(SC1: H2O:H2O2:NH3 = 6:1:1 at 65 °C, rinsing Di-H2O; SC2:H2O:H2O2:HCL = 6:1:1 at 
65 °C, rinsing Di-H2O). Formation of SiO2 in gate oxide quality was performed at 
1000 °C in O2 atmosphere with HCl addition. In the experiments presented in 
Chapter 5, on four different sample configurations was concentrated. Those are 
Si/SiO2/Ni, Si/SiO2/Ta/Ni, Si/SiO2/Cr/Ni, and Si/SiO2/Ta/W/Ni. It is important to 
mention that in the present work the combination of layers directly involved in catalyst 
formation and CNT growth, are called the support/catalyst system. The metal layers Ta, 
Cr, W, and Ni were prepared by sputter deposition using 99.99 % pure targets. The 
deposition of support metals (Ta, W, Cr) and the catalyst (Ni) were performed in two 
different equipments, which means that native oxides on interfaces and surfaces have to 
be assumed. The deposition rate of Ni was precisely controlled by a crystal oscillator 
balance. Typically, the rate was 0.04 nm/s for thicknesses < 10 nm. High priority was 
dedicated to the calibration of the catalyst deposition process and the characterization of 
the catalyst layer. Therefore, spectroscopic ellipsometry was applied to determine the 
thickness distribution on the wafer. The detailed procedure and evaluation can be found 
in Appendix B. Thickness mappings of the calibration wafer showed a relatively 
homogeneous Ni layer with a thickness variation of 1.2 % (SD) from the mean value. 
The thickness error of the Ni film was estimated under consideration of the thickness 
variation, the systematic error, and the coincidental error with 
dNi = dNi·3·0.012 + 0.04 nm. More details about surface morphology and thicknesses 
of the respective layers can be found in the corresponding chapters.  
To increase comparability within an experimental series, samples were cleaved from a 
single wafer after preparation, whereas edges were excluded (samples within ~ 40 mm 
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radius of the wafer). This procedure was applied for all studied sample configurations, 
if not otherwise stated.  
The samples with the support/catalyst system W/Ni, examined in Chapter 5.4, were 
structured samples based on the Si/SiO2/Ta/Ni sample configuration. Those samples 
served for the investigation of the site-selective CVD of CNTs. To minimize side 
effects of structuring, a lift-off technique was applied to prepare W patterns. Therefore, 
a thin resist layer was structured by photolithography with line and spot patterns. 
Subsequently, a thin W layer (25 nm) was sputter deposited and redundant W on the 
resist was removed with a lift-off process through a bath in acetone. For the CNT via 
test vehicles another sample structure was applied, which fabrication is described in 
detail in Chapter 6. 
4.2 CVD equipment  
A self made thermal CVD equipment was applied for catalyst pretreatment and CNT 
growth experiments (Fig. 4.1). Along with process developments in the course of this 
work, many modifications on the system were performed. Specific importance was 
devoted to defined process conditions referring to vacuum, chamber condition, 
temperature, pressure, and gas distribution. For reasons of comparison the presented 
results in this thesis base on the last equipment configuration, if not otherwise stated. 
The setup is based on a stainless steel vacuum chamber with water cooled walls, which 
can be evacuated to pressures down to 1 Pa with a dry pump. On the gas inlet side there 
are three gas channels each controlled with a mass flow controller (MFC) unit. N2 
(purity 99.9999 %), H2 (purity 99.9999 %), and C2H4 (purity 99.9995 %) were used as 
carrier gas, supporting gas, and carbon precursor gas, respectively. On the outlet side 
there is a pressure control unit, which allowed precise adjustment of process pressure. 
Inside the chamber, there is a graphite reactor including all gas distributing parts, the 
sample holder, and the heating elements. The configuration corresponds to a vertical 
CVD reactor, where the reaction gases are homogeneously distributed with a 
showerhead over the sample. The graphite sample holder can take sample sizes of up to 
4 inch wafers. The holder is heated with a graphite heater positioned in close vicinity 
below. The sample temperature can be varied in the range of 25 °C to 900 °C. 
Temperature is taken at the heater (TH) and directly in the sample holder (TSH) with 
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type-K thermocouples (T = ± 2.2 °C). Real sample temperature (TS) is obtained from a 
calibration with a thermocouple wafer. Processes can be set and controlled with a PC 
unit and a software, where sequences with ramps and holds for temperature, pressure, 
and gas flows can be programmed. More details about process variables and 
temperature conditions at the sample can be found in Appendix C. 
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Fig. 4.1: CVD equipment (left) and schematics (right). 
4.3 Processes for catalyst pretreatment and CNT growth 
In general, processes were only conducted after an appropriate chamber conditioning 
procedure, maintained constant for all experiments. The chamber underwent a 
procedure with evacuation, N2-flushing, and again evacuation. Processes were not 
started until a base pressure of ~ 2 Pa was reached. 
A process to grow carbon nanotubes is schematically shown in Fig. 4.2. Starting point 
is the heating of an untreated sample under controlled atmosphere to high temperatures 
(heating phase). Subsequently, in the pretreatment phase, the catalyst film is 
additionally treated under hydrogen atmosphere to form catalyst nanoparticles. In the 
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CNT growth phase a carbon precursor is introduced. The process is finalized with a 
post treatment and the cooling phase. The necessary preliminary stage for the catalyst 
nanoparticle formation before CNT growth demonstrates that it is vitally important for 
process investigations to analyze both sample states after pretreatment and after CNT 
growth. For this reason two different process sequences were defined. The first one is 
for nanoparticle formation studies, where the process was stopped after pretreatment. 
The second process is for CNT growth, which is based on the respective pretreatment.  
Fig. 4.2: Schematic of a CNT growth process showing a transformation of the thin catalyst 
layer to a nanoparticle layer, which is the seed for the subsequent growth of CNTs. 
During the process development several modifications of nanoparticle formation and 
CNT growth processes were investigated. Thereby, the results presented here were 
obtained with NP1- and NP2-processes for nanoparticle studies as well as CNT1- and 
CNT2-processes for CNT studies. CNT1 is based on NP1 and CNT2 is based on NP2. 
The processes are exemplarily illustrated in Fig. 4.3 and Fig. 4.4. To illustrate the 
stability of the process conditions the pressure and temperature progression are 
extracted from logged parameters of real processes. 
Process NP1 and CNT1 
A type NP1/CNT1-process begins with a heating of the sample within 45 min under N2 
flow (FN2 = 500 sccm) at a pressure p ~ 200 Pa. The time frame for heating was fixed 
for all investigated temperatures (400 – 900 °C). Not keeping the heating rate constant 
was a decision originating from the consideration that reactions and agglomeration at 
higher temperatures are expected with higher dynamics, while at lower temperatures the 
opposite is supposed to happen. Hence, a compromise was made by fixing the heating 
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time, which was retained as a general proceeding for all experiments. 35 min after the 
process starting point, the pressure was increased to the target pressure, which was in 
general 70 kPa. Subsequently, after 45 min, additional H2 was introduced 
(FH2 = 100 sccm) in the pretreatment phase. To allow temperature relaxation of the 
sample, the time period for this phase was fixed to 10 min (tP), if not otherwise stated. 
After that, in the NP1-sequence, the process was stopped by cooling the sample as fast 
as possible in order to conserve the nanoparticle state (cooling rate T/t ≈ -70 K/min 
for TH = 400 to 900 °C). Simultaneously the chamber was evacuated. In the CNT1-
sequence, the process was continued after the pretreatment with the growth phase by the 
introduction of C2H4 (10 – 35 sccm) for 3 – 20 min (tCNT). In a subsequent 5 min lasting 
post treatment phase, C2H4 and H2 were switched off, and the chamber was evacuated to 
stop immediately CNT growth. Finally, the sample was cooled down to room 
temperature. 
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Fig. 4.3: NP1-process (left) and CNT1-process (right) with introduced gases, temperature 
profile, and pressure profile. 
Process NP2 and CNT2 
NP2 and CNT2 process sequences are characterized with an extended sample treatment 
and different pressures for nanoparticle formation and CNT growth. Those processes 
started with the setting of an N2/H2 atmosphere with a total pressure of 70 kPa. N2 and 
H2 were introduced with 500 sccm and 100 sccm, respectively. In this atmosphere the 
samples were heated within 45 min to the target temperature. Then, the temperature was 
maintained constant for 10 min (pretreatment phase). In a NP2-process, after this step 
the sample was cooled down in N2 as fast as possible in order to conserve the particle 
state. Subsequently, the chamber was evacuated. In a CNT2-process the pretreatment 
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was continued with the growth phase by setting a new gas composition containing 
additionally C2H4. In general, CNT2-processes were run in a two-pressure regime, 
where the pretreatment was performed at 70 kPa, while the growth of CNTs was 
conducted at lower pressures. Therefore in the last 2 min of the pretreatment phase the 
pressure was regulated to the growth pressure. The typical growth pressure was 20 kPa, 
if not otherwise stated. After the growth phase, C2H4 and H2 gas flow were stopped and 
the chamber was evacuated. With a short post treatment of 5 min and cooling down the 
process was finished. In experimental series with partial pressure variation of a process 
gas, the total gas flow velocity and partial pressures of other gases were maintained 
constant through balancing with N2 gas flow. 
0 20 40 60 80 100
0
200
400
600
800
Time / min
T
H
/
°C
0
20
40
60
80
p
/
k
P
a
N2
N /
H
2
2
N2
0 20 40 60 80 100
0
200
400
600
800
Time / min
T
H
/
°C
0
20
40
60
80
p
/
k
P
a
N2
N /
H
2
2
N /H /
C H
2 2
2 4
N2
Fig. 4.4: NP2-process (left) and CNT2-process (right) with introduced gases, temperature 
profile, and pressure profile. 
4.4 Methods for characterization 
Samples were characterized after different states of preparation. Initial attempts were 
concentrated on the calibration of the catalyst deposition process. Spectroscopic 
ellipsometry (SE) was used as the main technique to determine film thickness and 
homogeneity. Results were cross checked with X-ray reflectometry (XRR) and atomic 
force microscopy (AFM). For nanoparticle studies, samples were characterized at 
different states of sample preparation and after different treatments. Therefore, 
techniques like AFM, scanning electron microscopy (SEM), X-ray diffraction (XRD), 
X-Ray photoelectron spectroscopy (XPS), and transmission electron microscopy (TEM) 
were applied. CNTs were characterized with SEM, Raman spectroscopy, TEM, and 
XRD. 
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Spectroscopic ellipsometry 
The spectroscopic ellipsometry method was applied to calibrate the catalyst deposition 
process and to assess the film homogeneity. This method is a non-destructive and 
highly sensitive optical technique used for thin film metrology. Ellipsometry measures 
the change in polarization state (phase shift and polarization angle) of polarized light 
after reflection or transmission at a sample. For extraction of sample parameters, in 
general parameterized models have to be applied, which describe the measured data. 
More details about theory can be found in literature [73]. For ellipsometric 
measurements, a Sentech 450 and a Woolam ellipsometer (VASE, J.A.Woollam Co., 
Inc.) were used, which are variable angle ellipsometers with a spectral range from the 
near infrared to the UV range. For determination of the optical film properties, 
measurements with three different angles (60°, 65°, 70°) in the spectral range of 0.73 –
 5 eV using the auto retarder function were used. Samples were measured after each 
preparation step. Thickness mappings of wafers were performed with the Sentech 
ellipsometer. Further details about used models and evaluation can be found in 
Appendix B. 
X-ray reflection 
Besides ellipsometry, the thickness of the catalyst layer was verified with X-ray 
reflectometry. A parameterized model was used to extract film parameters from 
measured data. For measurements a 4-circle-diffractometer MZ6-PTS with CuK 
radiation (40 kV) was used.  
Atomic force microscopy 
Atomic force microscopy was the main technique to determine sample surface 
roughness and to study the morphology of catalyst nanoparticles. For the AFM 
measurements, a Dimensions 3000 AFM with the software Nanoscope (v. 5.31) was 
used. Measurements were operated in the tapping mode with standard AFM probes 
(silicon, tip radius < 7 nm) and also super sharp probes (silicon, tip radius < 2 nm, half 
cone angle < 10°). Particularly, the super sharp probes were chosen to characterize 
nanoparticles in order to increase sensitivity and to reduce distortion effects from the 
tip. Nevertheless, it has to be considered that AFM measurements slightly overestimate 
NP dimensions due to partly oxidation of NPs and tip dimensions. For assessment of 
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surface roughness, the root mean squared (RMS) value was used. Nanoparticles were 
evaluated with the free image software Gwyddion (v. 2.19) to extract information about 
size distribution and density of particles. The effective diameter of a particle was 
extracted from its volume assuming a sphere. More details about AFM evaluation of NP 
measurements are shown in Appendix D. 
Scanning electron microscopy  
Scanning electron microscopy was applied as the main method for sample 
characterization. Therefore, a Leo Gemini 982 and a Zeiss Auriga 40 were used. For 
some investigations the SEM was operated in combination with energy-dispersive 
X-ray spectroscopy (Bruker - EDX) to determine the local elemental composition. For 
the measurement of CNT film thickness, sample cross sections were analyzed at 
different positions, whereby the film thickness was determined from the mean value of 
10 different measurement points. The standard deviation of the 10 points was used to 
assess the thickness error. 
Transmission electron microscopy 
Conventional transmission electron microscopy, high resolution TEM (HRTEM), and 
selected area electron diffraction were performed with a Philips CM20FEG 200 keV 
TEM and a FEI TECNAI G2 200 keV. For TEM characterization of CNTs, TEM 
samples were prepared by scratching TEM-meshes over the as-prepared samples. For 
examination of sample cross sections, TEM lamellas were prepared. On the one hand 
this was done by embedding the sample into epoxy resin and mechanical thinning. On 
the other hand TEM lamellas were prepared with the focused ion beam method using a 
FEI - Strata 400 equipment at the Fraunhofer Center Nanoelectronic Technologies.  
X-ray photoelectron spectroscopy 
X-ray photoelectron spectroscopy was applied to determine the chemical composition 
of samples. Measurements were done with a PHI Quantum 2000 system at SGS 
Fresenius.  
X-ray diffraction  
X-ray diffraction measurements were conducted to study the structural composition of 
crystalline films. Measurements were performed with a XRD3000PTS under grazing 
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incidence (1.5°) with CuK radiation (40 kV/30 mA). The beam was parallelized with a 
Ni/C multilayer. Radiation was detected with a szintillation detector after filtering with 
an acceptance of < 5°. The sample was rotated around the sample normal at each 2 
step, where the 2 step was 0.05°. The reflections observed in the spectra were assigned 
with the help of the PDF-database [74]. 
Raman spectroscopy  
Raman spectroscopy is widely used to characterize CNTs as it gives important 
information about quality and structure [13, 75]. It relies on inelastic scattering (Raman 
scattering) of monochromatic light and measures the energy difference (Raman shift) of 
scattered light after excitation of vibrational, rotational, and other low-frequency modes 
(phonons) in the crystal or molecule. Here, Raman measurements were conducted to 
provide information about the quality of carbon nanotubes. Therefore, the Raman 
spectrum of carbon materials shows common features in the range 900 − 3300 cm-1 
[75]. These are the D and G band at ~ 1355 cm-1 and ~ 1585 cm-1. The G band 
corresponds to the opponent vibration of neighboring sp2 bonded C atoms. The D band 
represents the breathing mode of a sp2 bonded rings that appears just in the case of a 
defective crystal. Defects are caused be substitutional hetero-atoms, vacancies, grain 
boundaries, or finite size. The overtone of the D band is the G` band (in literature also 
2D), which lies at around 2700 cm-1. In contrast to the D band, the G` band appears also 
in perfect CNTs. Further bands are the D` band at ~ 1610 cm-1 (shoulder at the G band), 
the D+G band at ~ 2950 cm-1, and the 2G band at ~ 3200 cm-1. It was identified that the 
ID/IG intensity ratio is a good quality indicator for CNTs [76], saying that a decreasing 
ID/IG ratio suggests an quality improvement. Furthermore, line width (FWHM - full 
width at half maximum) and the IG`/IG ratio were suggested as additional quality 
indicators [77]. In this work these values are used to evaluate CNT quality. 
The Raman spectrometer used for CNT measurements was a Dilor XY 800 triple 
monochromator equipped with a peltier cooled CCD detector. The experiment was 
performed in a free beam experiment under ambient conditions with the laser beam 
directed unfocused on the sample (macro modus). For measurements, the 488 nm laser 
line of an Ar-ion laser was used. To avoid local heating of the sample, laser power was 
kept below 10-6 W/µm² (spot size ~ 200 µm). The scattered light was captured with a 
lens system into the spectrometer. Raman spectra were smoothed with a 5-point-FFT 
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filter. For comparison of measurements, the background was subtracted and the spectra 
were normalized to the G band.  
 53 
5 Effect of different support/catalyst systems on the growth of CNTs  
Chapter 5 covers studies of different support/catalyst systems and their effect on CNT 
growth. Objectives are to enlighten the support/catalyst state, structure, and interaction 
after sample pretreatment. Equally, CNT growth processes are investigated. Therefore, 
present work starts with screening studies on SiO2/Ni for process developments. 
Chapter 5.2 concentrates on the growth of vertically aligned MWCNTs with the focus 
on the envisaged interconnect application. In the subsequent Chapter 5.3, a novel CNT 
film structure is examined. Chapter 5.4 deals with the support mediated catalyst 
deactivation. 
5.1 Screening studies with the system SiO2/Ni  
The well known support/catalyst system SiO2/Ni was chosen for basic process 
investigations. It served also as a reference system, which is characterized by a high 
temperature stability of the support and a low support/catalyst interaction. In the present 
study, it was set out to reproduce results from literature on the one hand and to perform 
a process development facilitating also studies of other support/catalyst systems on the 
other hand. Studies concentrated on capturing the influences of process parameters like 
catalyst thickness, process type, and temperature on the formation of NPs and CNT 
growth.  
5.1.2 Catalyst nanoparticle formation  
Initially, the morphology of the SiO2 support and the as-deposited Ni film were 
characterized by AFM. The SiO2 surface revealed a very smooth surface with a 
roughness of RMS = 0.2 nm (Fig. 5.1 a). The roughness slightly increased to 
RMS = 0.3 nm after deposition of a 2.8 nm Ni film (Fig. 5.1 b). The Ni layer appeared 
as a closed film with a light surface structure. Similar observations were also made for 
other catalyst thicknesses (1.4 – 4.2 nm). Also the chemical composition of the Ni film 
was characterized with XPS, which revealed that the thin Ni film mostly converted into 
Ni2O3 and NiO (see Appendix E). This finding is in conformity with the ellipsometric 
model used for describing the optical properties of the Ni films, where a mixture of 
nickel and nickel oxide was necessary to get consistent results (see Appendix B). 
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Fig. 5.1: Surface morphology of SiO2 (a) and SiO2/Ni(2.8 nm) (b). 
The influence of catalyst thickness on NP formation was investigated with an 
NP1-process (TS = 622 °C, tP = 10 min). (A detailed process flow can be found in 
Chapter 4.3.) The catalyst thickness was varied in the range of 1.4 − 4.2 nm. 
Fig. 5.2 a−d show AFM measurements of the respective catalyst layers. Fig. 5.2 e, f 
illustrate the evaluation of measurements with respect to mean NP diameter, mean NP 
height, and NP density. Error bars for particle diameter and height correspond to the 
standard deviation of the respective size distributions. As seen, the smooth films brake 
up and form 3D islands according to Volmer-Weber mode. This is emphasized by TEM 
cross section analyses (Fig. 5.3) showing spherically shaped particles with no wetting 
on SiO2. The particle diameter and height increase with the thickness of the catalyst 
film due to coalescence phenomena. Concurrently, the particle diameter spread 
increases as indicated by the error bars. The spatial density of particles increases 
exponentially with decreasing thickness of the Ni layer, whereby the highest density is 
1.1·1012 cm-2 at 1.4 nm Ni. The obtained diameters and heights are lower than that 
reported previously by Geissler et al. [78]. Discrepancies can be due to differences in 
the process sequence, catalyst thickness, and/or in the dimensions of AFM tips. 
The influence of process type, pressure, and time is demonstrated in the following. 
NP1- and NP2-processes were applied at TS = 622 °C on samples with 2.8 nm Ni. It is 
important to mention that due to operation constraints the gas flow rates were kept the 
same for different pressures. 
 
5.1  Screening studies with the system SiO2/Ni
 
55 
a) 1.4 nm Ni b) 2.1 nm Ni 
250
500
nm
0 250 500 nm
20
nm
0 250
500
nm
0 250 500 nm
20
nm
0
c) 2.8 nm Ni d) 4.2 nm Ni 
250
500
nm
0 250 500 nm
80
nm
0 250
500
nm
0 250 500 nm
80
nm
0
e) f) 
Fig. 5.2: AFM measurements of nanoparticles formed from thin Ni films with different 
thicknesses after NP1-pretreatment (a−d). The mean NP diameter, height, and density 
for different catalyst thicknesses, derived from the AFM measurements, are shown in 
(e) and (f). 
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100 nm  50 nm  
Fig. 5.3: TEM cross section of nanoparticles formed from a 2.8 nm Ni film on SiO2. (Local 
accumulation of NPs is due to the sample preparation.) 
Fig. 5.4 a−d depicts AFM of NPs obtained with a NP1-process. At p = 40 kPa and 
tP = 10 min, a relatively broad size distribution is obvious. At p = 70 kPa, the particles 
distribution becomes more homogeneous as reflected in Fig. 5.4 b and c, showing the 
state after 5 min and 10 min pretreatments. So far it could be deduced from AFM 
measurements, after 5 min pretreatment the film seems not to be completely transferred 
to separate NPs. By contrast, a relatively narrow distribution of NP diameter 
(29.3 ± 8.2) nm and height (17.4 ± 3.8) nm with separated NPs is obtained with 
NP2-pretreatment (Fig. 5.4 d).  
The influence of temperature is demonstrated in Fig. 5.5 a and b (NP2, p = 70 kPa, 
tP = 10 min, dNi = 2.1 nm). It confirms that even at 400 °C particle formation occurs, 
while particles are relatively small and densely packed. At a higher annealing 
temperature, a thermal activation becomes obvious through the growth of NPs and 
decrease in density. Interestingly, particle sizes are relatively homogeneous for this 
catalyst thickness and pretreatment. In contrast, an NP1-process, carried out at a 
comparable temperature, revealed a broadening of nanoparticle size distribution at high 
temperatures. 
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Fig. 5.4: Nanoparticles formed after different pretreatments (a – d). The thickness of the catalyst 
was maintained constant at 2.8 nm. 
a) NP2, 400 °C b) NP2, 790 °C 
250
500
nm
0 250 500 nm
20
nm
0
 
250
500
nm
0 250 500 nm
20
nm
0
 
Fig. 5.5: Surface morphology of a 2.1 nm Ni film after NP2-pretreatment at 400 °C (a) and 
790 °C (b). 
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5.1.3 Growth studies 
A typical appearance of samples after a CVD process is illustrated in Fig. 5.6. The 
photograph shows a black film that partly detaches from the substrate. In general, films 
appear very homogeneous on the sample surface, excluding sample edges. The film 
consists of a mat with highly entangled nanostructures as presented in the SEM cross 
section in Fig. 5.6 b, while HRTEM confirms the nanostructures as CNTs (see below). 
a) b) 
Detached
CNT film
Si substrate
Detached
CNT film
10 µm  
Fig. 5.6: Photograph of a sample after CVD process (a) and SEM cross section of the CNT film 
(b). 
A thorough observation of HRTEM and TEM images revealed that most of the CNTs 
grew in the tip growth mode. In the film, there is no alignment of CNTs notable. 
Random orientation of CNTs in the film causes lateral expansion and mechanical stress 
during growth, which explains partly detachment of the film. It also indicates a weak 
adhesion of the CNT film to the substrate.  
The influence of temperature was investigated with CNT1-processes (dNi = 2.8 nm, 
p = 70 kPa, tCNT = 10 min, N2/H2/C2H4 = 500/50/25 sccm). Obtained results are 
demonstrated in Fig. 5.7 with SEM, HRTEM, and Raman measurements. SEM shows 
that carbon films appear as dense mats with twisted CNT like nanostructures. The 
quality, assessed by the straightness of the nanostructures, shows an improvement with 
increasing growth temperature. Furthermore, premature growth stop is indicated with 
short CNTs in the higher temperature range. Additionally, in particular at the highest 
temperature, it is noticeable that a significant part of catalyst NPs is not active. HRTEM 
revealed a tubular nanostructure over the entire temperature range confirming deposits 
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as CNTs. Above 600 °C, multi-walled CNTs with a distinct shell structure and less 
amorphous carbon on the CNTs were found. At lower temperatures, a very defective 
tube structure prevails. Statistic evaluation of HRTEM images yielded CNT diameters 
of (16 ± 6) nm and (22 ± 7) nm for 600 °C and 790 °C processes. Those values are 
lower as the NP diameters shown in Fig. 5.4, but it is necessary to consider that AFM 
measurements slightly overestimate NP dimensions due to the partly oxidation of NPs 
and tip dimensions. Furthermore, a partly filling of CNTs with Ni particles was 
observed (Fig. 5.7 b3). It is expected that, these are residuals from the catalyst as often 
reported in literature, e.g., in [79]. Raman spectra were recorded to get additional 
information about the quality of CNTs.  
a1) b1)      c) 
500 nm 50 nm
 
a2) b2) 
500 nm 10 nm
a3) b3)      d) 
500 nm 10 nm  
Fig. 5.7: SEM and HRTEM of CNTs grown at 500 °C (a1, b1), 600 °C (a2, b2), and 790 °C (a3, 
b3). Raman spectra and extracted ID/IG ratios at different temperatures are shown in (c) 
and (d). 
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Therefore, the spectral range with the D and G band was measured to determine the 
ID/IG ratio (more details in Chapter 4.4). Fig. 5.7 c shows the D and G peaks at 
1353 cm-1 and 1580 cm-1, respectively. Additionally, a shoulder at the G peak at 
1610 cm-1 appears that can be referred to the D peak. Raman spectra show a relatively 
high ID/IG ratio until 600 °C (Fig. 5.7 d). At higher temperatures, the ID/IG ratio and the 
relative intensity of D` reduces, suggesting a significant improvement in CNT quality. 
This is congruent with HRTEM observations. A minimum ID/IG ratio of 0.5, as obtained 
at 790 °C, is for MWCNTs relatively low and comparable to other literature values [77, 
80, 81]. 
The influence of catalyst thickness is depicted in Fig. 5.8 for a CNT1-process 
(TS = 570 °C, p = 70 kPa, N2/H2/C2H4 = 500/75/25 sccm). To see the initial state of the 
growth phase, besides a 10 min process also a short process with 30 s was examined. 
The short process exposes that the onset of CNT growth depends on the catalyst 
thickness (Fig. 5.8 a). Thereby, a clear trend is obvious, showing notable CNT growth 
at dNi = 1.4 nm to no growth at dNi = 4.2 nm. However, all catalyst layers promote CNT 
growth after longer exposure to C2H4 (Fig. 5.8 b), which implies that a certain induction 
time is required. A shortened induction time for small NPs can be explained with the 
increased surface-to-volume ratio and size dependent physical properties. In the case of 
small NPs, time until C-saturation is lower due to the relative high surface compared to 
the volume. Equally, higher surface curvature leads to melting temperature reduction, 
increased C solubility, and accelerated C diffusion rate [58]. Additionally, Fig. 5.8 
implies that the CNT diameter and density are determined by the catalyst thickness or, 
more precisely, by the NP diameter (see Fig. 5.2). It is also obvious that the density of 
active catalyst particles diminishes with increasing catalyst thickness. This is due to the 
formation of large NPs, which do not provide adequate surface curvature and/or stable 
growth conditions. 
The influence of process pressure and thickness are exemplarily depicted in Fig. 5.9 and 
summarized in Fig. 5.10 for a CNT1-processes (TS = 570 °C, dNi = 1.4 – 4.2 nm, 
tCNT = 20 min, N2/H2/C2H4 = 500/75/15 sccm). CNT growth was performed at p = 40, 
55, and 70 kPa. To minimize variation in the NP state at different pressures, 
two-pressure processes were conducted, where the pretreatment condition was 
maintained at 70 kPa and growth was performed at lower pressures. 
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a1) a2)  a3) a4) 
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b1) b2)  b3) b4) 
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Fig. 5.8: SEM of grown CNTs after a 30 s (a) and 10 min (b) lasting growth phase from different 
catalyst thicknesses (figures 1, 2, 3, 4 correspond to dNi = 1.4, 2.1, 2.8, 4.2 nm, 
respectively). 
Based on SEM cross section analysis, the CNT film structure and film thickness was 
examined. The cross sections in Fig. 5.9 imply that there are strong structural 
differences between the films. It is obvious that the structure, rated with the degree of 
deflection and straightness of CNTs, worsens with increase of pressure. Furthermore, 
especially at 70 kPa a dense part in the center of the film is noticeable. A more 
differentiated picture becomes obvious in Fig. 5.10 summarizing the influence of 
catalyst thickness and pressure on CNT film height and structure. (It is important to 
emphasize that the CNT film heights were obtained from discrete measurements, where 
no statement about growth kinetics can be deduced. Rather, heights have to be primarily 
interpreted as CNT yields from relatively long processes at this system.)  
a) b) c) 
1 µm
1 µm1 µm 1 µm
Fig. 5.9: SEM cross section of CNT films grown at 40 kPa (a), 55 kPa (b), and 70 kPa (c). 
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Thus, the CNT film thickness is strongly influenced by the catalyst thickness and 
pressure at dNi = 2.1 and 2.8 nm, while at dNi = 1.4 and 4.2 nm, films heights remain 
within error bars for different pressures. Conspicuous is a significant increase in growth 
height after reducing the pressure from 70 kPa to 55 kPa. Additionally, Raman 
measurements reveal a decrease of ID/IG ratio from 2.1 to 1.2 indicating a significant 
quality improvement of CNTs after pressure reduction. Lowering the pressure even 
further to 40 kPa resulted in a reduction in film height, while quality of the film 
remained more or less constant. Hence, for total pressures < 55 kPa, which means for 
pC2H4 < 1.4 kPa, CNT yield can be controlled by the process pressure. This implies that 
under these conditions catalyst life time is prolonged compared to high pressure 
processes. In addition, results suggest that a catalyst thickness in the range of 2.1 to 
2.8 nm are well suited to grow CNTs. 
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Fig. 5.10: Height of CNT films for different dNi and p. Insets illustrate the CNT film structure of 
samples in the respective zone (highlighted with the grey and white field in the 
diagram). 
Finally, CNT1 and CNT2 processed samples were compared in Fig. 5.11 (TS = 570 °C, 
dNi = 2.1 nm, p = 70 kPa, N2/H2/C2H4 = 500/75/15 sccm). Slight differences in the film 
structure are evident in the sample cross sections. Thereby, the CNT2-process gives a 
more compact CNT film, whereas a high density of deposits is found at the support in 
contrast to films grown by the CNT1-process. Besides, CNTs partly protrude from the 
compact film, which is an indicator for dense growth of CNTs. However, growth 
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conditions seem to be not favorable as the films show a rather low growth height and 
worse quality indicating a premature growth stop. Further experiments were conducted 
with a CNT2-process with significantly lower growth pressures. Although CNT film 
thickness significantly increased, entangled growth with an early growth deactivation 
retained. Nevertheless, the latter experiments allowed to estimate a growth rate at 
typical process conditions also used for the systems studied in the next chapters. This 
revealed a growth rate of > 642 nm/min for TS = 606 °C, p = 20 kPa, pC2H4 = 0.5 kPa, 
and dNi = 2.3 nm. 
 a)  b) 
1 µm1 µm
Fig. 5.11: CNT films grown with a CNT1-process (a) and a CNT2-process (b). 
5.1.4 Discussion of selected issues 
Catalyst surface state 
Formation of particles upon annealing in a reducing atmosphere requires consideration 
of different concurrently running processes like the reduction of oxides and the 
reformation of the catalyst film. Superficial oxides have to be assumed due to the 
contact with ambient atmosphere after deposition of the Ni film. During the annealing 
the following reactions are considered: 
Ni2O3 + 3H2 →  2Ni + 3H2O; G = - 236 kJ/mol − T · 234 J/mol K (20) 
NiO + H2  →  Ni + H2O; G = 79 kJ/mol - T · 50 J/mol K (21) 
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NiO + 2H →  Ni + H2O; G = - 357 kJ/mol + T · 49 J/mol K. (22) 
On the basis of thermodynamic data [82], the change in Gibbs free energy G was 
calculated for the respective reactions with  
STHG  , (23) 
where H represents the enthalpy change, T denotes the reaction temperature, and S is 
the entropy change. The Gibbs free energy allows to estimate the reaction direction with 
waiving reaction kinetics. Equation (20) suggests that the reduction of Ni2O3 with H2 is 
exothermic, whereas the reduction of NiO shows a weak endothermic character 
[equation (21)]. Apart from that, it can be assumed that atomic hydrogen is available on 
the surface due to the catalytic effect of Ni [83], which makes the reduction of NiO 
likely [equation (22)]. Experimentally, the reduction of oxidized Ni was confirmed to 
take place already at rather low temperatures (e.g., from ~ 200 °C for powder sample in 
H2 atmosphere [84]). Therefore, it can be expected that the oxides of the thin nickel film 
are entirely reduced during the pretreatment phase at NP1-processes, while at 
NP2-processes the reduction process is supposed to be initiated even earlier in the 
course of the annealing phase. 
Support/catalyst interface and effect on CNT growth  
The driving force for the formation of catalyst nanoparticles is induced by minimization 
of surface and interface energy (see Chapter 3.2.1). Here, the support is SiO2 with a 
surface energy of 43 – 106 mJ/m² [85]. On top there is Ni with a surface energy of 
2800 mJ/m² (estimated with equation (18) including T = 600 °C, T = 1780 mJ/m², 
d/dT = -1.2 mJ/°C [53]). At the interface, different chemical and physical interactions 
may occur like reduction of SiO2 with atomic hydrogen, interfacial alloy formation, 
encapsulation, or charge distribution, but these effects are expected to be negligible at 
this sample configuration [83, 86]. Thus, in a simplified view, surface energies reveal 
Ni >> SiO2 suggesting that the Ni film exhibits a strong tendency to minimize its 
surface by forming spherical particles with a high contact angle to SiO2. This explains 
the observed Volmer-Weber film formation mode with a strong dewetting of catalyst 
particles. It is expectable that NP dewetting and/or a weak support/catalyst interaction 
has consequences on CNT growth as well. First of all, a spherically shaped NP provides 
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a large area for nucleation of a CNT structure where growth direction is principally not 
restricted, excluding the case of extreme high density growth and extrinsic factors. In 
addition, the conversion of C2H4 on spherically shaped catalysts gives a higher rate of C 
release, which increases defect incorporation in CNTs and the probability of catalyst 
deactivation by overcoating with amorphous C. Furthermore, there is less force required 
to detach the catalyst from the surface in the initial state of CNT growth. These 
circumstances would explain the tip growth mode and randomly oriented CNTs.  
The influence of process type and pressure on NP formation  
Different morphologies of nanoparticles after NP1- and NP2-processes are 
substantiated in the different heating conditions. Although in a type NP1-process no 
hydrogen is available in the heating phase, it is not excluded that unoxidized Ni 
becomes mobile in this phase. Considering the Tamman and Hüttig temperatures, which 
are characteristic values representing the onset for diffusion at defects and bulk mobility 
[87], this may be explainable. Those semi-empirical values depend on the melting 
temperature of the material and are defined with TTamman = 0.5 TM and THüttig = 0.3 TM 
(interaction at the interface, crystal orientation and size dependent TM are neglected!). 
Thus, THüttig = 518 °C for Ni (bulk TM = 1455 °C) suggests mobility of the material 
already in the annealing phase, which initiates breaking up of the thin film. Under these 
conditions inhomogeneous particle formation, as seen on NP1-processes, may be 
explained with the superficial nickel oxides disturbing the particle formation. This 
statement is reinforced with experimental observations (not presented here) from 
processes with no hydrogen during the entire heating and pretreatment procedure, 
showing even stronger spread in particle size distribution. By contrast, in the case of a 
NP2-process, superficial Ni oxides are expected to get reduced already in the heating 
phase before the material becomes mobile. This would explain a more homogeneous 
formation of nanoparticles. 
The pressure influence observed in the NP1-processes can have different reasons 
(comparing Fig. 5.4 a and Fig. 5.4 b). First of all, it has to be considered that contrasted 
processes were conducted with different partial pressures of hydrogen. This might 
retard the reduction at the lower pressure process leading to the high inhomogeneity as 
discussed above. Another explanation is based on diffusion and Ostwald ripening 
mechanisms. Ostwald ripening describes the growth of larger particles at the expense of 
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smaller ones based on a material transport in the form of atoms or larger aggregates 
between islands. The transport occurs through surface diffusion or over the gas phase 
by evaporation and condensation. Additionally, a material exchange over the gas phase 
is involved, which could give an explanation for the pressure influence observed here. 
An Ostwald ripening behavior can be explained with different sized catalyst NPs. In 
fact, the vapor pressure of a metal in equilibrium with its condensed phase is given by 
the Gibbs-Thomson equation 
p(r) = p0 exp (2Vatom /kBT r), (24) 
where r stands for the radius,  is the surface tension, p0 denotes the equilibrium partial 
pressure, Vatom describes the atomic volume, kB is the Boltzmann constant, and T 
represents the absolute temperature. Consequently, for particles with a high surface 
curvature, a high vapor pressure adjusts. Thus, different sized particles form up 
concentration gradients that initiate unidirectional material exchange, which results in 
the growth of big particles at the expense of smaller particles. Additionally, material 
exchange depends also on extrinsic parameters like environmental pressure. In the case 
of a high pressure, gas phase transport may be suppressed, as more collision events 
between vaporized metal and surrounding gas occur. This means that a higher pressure 
would inhibit excessive exchange of material between particles, which would explain 
higher homogeneity of particles obtained at 70 kPa. Also other effects such as NixHy 
hybride formation may play a role, as recently stated by Geisler et al. [78], but this 
seems to recede into the background under experimental conditions applied here as 
reverse effects would have to be expected.  
The influence of pretreatment on CNT growth 
The influence of different catalyst pretreatment conditions on CNT growth is notable in 
experiments performed at different temperatures (Fig. 5.5, Fig. 5.7) and with different 
process types (Fig. 5.11). The temperature effect is evident in the mean CNT diameter 
increasing with temperature. This can be correlated the NP diameters showing a similar 
trend with temperature as well. Furthermore, the comparison of CNT1- and 
CNT2-processes shows an influence of catalyst pretreatment on CNT growth. A denser 
growth of CNTs with a CNT2-process, as illustrated for instance in Fig. 5.11, can be 
associated with NPs, which underwent an intensified pretreatment and yielded more 
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homogeneous distributed NPs as in the NP1-process.  
Factors influencing continuous CNT growth 
The reaction path for CNT growth accentuates many competing processes. Reaction 
steps, such that release of C, formation of CNTs, and reverse reactions like amorphous 
carbon conversion require a proper balance, otherwise CNT growth will not be initiated 
or deactivated prematurely. Premature deactivation is, for instance, observed at high 
temperatures (e.g., Fig. 5.7 a3). As reactions sustained for CNT growth follow an 
Arrhenius law an exponential increase in reaction rates with temperature is a 
consequence. This increases the probability of excessive C release and deactivation of 
the catalyst due to overcoating with amorphous C. Stability of the growth process is 
also dependent on catalyst size and the pressure as demonstrated in Fig. 5.10. Low yield 
at the lowest catalyst thickness reflects premature growth stop due to overcoating of 
NPs. This is substantiated on the one hand in a higher surface-to-volume ratio and on 
the other hand in size effects, changing physical properties such as melting temperature, 
solubility, and C diffusion rate [57, 58]. Also too high C2H4 partial pressures can 
impinge negatively on CNT growth as shown with 70 kPa processes. It turned out to be 
advantageous to combine catalyst formation at higher pressures and CNT growth at low 
pressures in two-pressure processes. Under these conditions densely and 
homogeneously formed catalyst NPs are exposed to a dosed delivery of the precursor. 
Those processes were used in the following chapters, whereby it is worth to mention 
that only two-pressure CNT2-processes yielded vertically aligned CNT growth. 
The role of the supporting gas H2 was not the subject of investigations at this system, 
but the following statements can be made. H2 is involved in conversion of C2H4 into C 
[62] and/or it could promote reverse reactions of weakly bonded C on the catalyst 
surface (e.g., amorphous C) [88]. This could accelerate CNT growth and extend catalyst 
life time. However, the role of H2 was found to play a minor role for thermal CVD 
processes at comparable growth temperatures [62, 89]. To anticipate a similar 
conclusion was made in the investigation of Ta/Ni presented in Chapter 5.2.3. By 
contrast, in processes performed at higher temperatures (> 800 °C) hydrogen plays an 
increasing role [80, 90]. 
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5.1.5 Summary  
In this chapter, process developments for NP formation and CNT growth were 
conducted with the support/catalyst system SiO2/Ni. This system is characterized by a 
weak interface interaction, which causes Volmer-Weber like catalyst film reformation 
with spherically shaped catalyst NPs (Fig. 5.12 b). The catalyst state during the 
pretreatment as well as the interface interaction was discussed. In particular the weak 
interaction can be correlated with the growth of entangled MWCNTs, mainly grown in 
the tip growth mode, and weak adhesion of the CNT film to the substrate (Fig. 5.12 c). 
Experiments under variation of process parameters like catalyst thickness, process type, 
p, pC2H4, and temperature revealed a suitable process window for the formation of 
homogeneously packed NPs and MWCNT growth. It was concluded that a 
CNT2-processes, operated in the two-pressure regime, is favorable to grow CNTs. 
However, despite process optimization, entangled growth of MWCNTs with early 
catalyst deactivation prevailed at this support/catalyst system.  
a) b) c) 
Fig. 5.12: Schematics of NP formation and CNT growth with a Ni catalyst layer on SiO2. It shows 
the initial catalyst layer (a), NPs after a pretreatment (b), and CNT growth in a CVD 
process (c). 
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5.2 Vertically aligned growth of CNTs with the system Ta/Ni 
Integration of CNTs as vertical interconnects in IC devices requires vertically aligned 
growth of CNTs and a good electrical contact to the metal line. So far, most attempts 
have focused on the growth of CNTs on insulating layers comprising of SiO2 and 
Al2O3. In a few studies CNT growth on metallic layers was also demonstrated [91, 92], 
but it appears to be especially difficult for several reasons. First, in metal/CNT hybrid 
interconnect systems a catalyst supporting layer should act as an efficient diffusion 
barrier, even at high temperature conditions. Furthermore, surface morphology 
modification of metallic supports in high temperature processes is critical as it could 
affect catalyst formation. Besides, also physical and chemical interactions at the 
metal/catalyst interface have to be taken into account as those can have significant 
effects on the catalyst formation and CNT growth. In particular, the latter point is not 
adequately studied so far. 
In the present work, Ta is chosen as a supporting layer for the catalyst. It is 
characterized by a high temperature stability and it is known to be an efficient diffusion 
barrier, whereby experiments proved suppression of Cu diffusion until at least 600 °C 
[93]. Equally, formation of good electrical and mechanical contacts with CNTs can be 
facilitated through carbide formation [94, 95]. Apart from that, the integration of Ta is 
compatible with IC fabrication processes. Therefore, catalyst formation and CNT 
growth on Ta under different process conditions are studied and discussed. Especially 
the influence of the Ta/Ni interface on catalyst formation and CNT growth is 
highlighted. One of the objectives of CNT growth studies is to achieve vertically 
aligned CNTs with controllable quality and length in order to facilitate CNT integration 
in via structures. 
5.2.2 Catalyst nanoparticle formation 
Initially, the surface of a 10 nm Ta layer on Si/SiO2 was characterized after deposition 
and after an annealing process by ex-situ AFM to capture morphological changes of the 
catalyst underlayer upon annealing. After deposition, the Ta layer is characterized by a 
very smooth surface with RMS = 0.3 nm (Fig. 5.13 a). With a typical NP2-process 
(TS = 606 °C), the surface roughness slightly increased to RMS = 0.5 nm (Fig. 5.13 b). 
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Despite a coarsened granular structure, film stability at high temperatures is confirmed. 
In the next step, the as-prepared sample in the configuration Si/SiO2/Ta/Ni was 
measured (Fig. 5.13 c), which revealed a surface roughness of RMS = 0.4 nm. 
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Fig. 5.13: Surface morphology of Si/SiO2/Ta[10nm] (a), the same sample configuration after 
NP2-process at TS = 606 °C (b), and as-prepared Si/SiO2/Ta[10nm]/Ni[2.3nm] (c). 
Nanoparticle formation was investigated under variation of parameters like 
pretreatment, catalyst thickness, and temperature, whereas the process parameter 
window was restricted according to the findings in Chapter 5.1.2. The effect of NP1- 
and NP2-pretreatments on NPs are contrasted in Fig. 5.14 and Fig. 5.15 b.  
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Fig. 5.14: Ni nanoparticles on Ta after NP1-process at TS = 606 °C together with the 
distribution of diameter and height (dNi = 2.3 nm). 
Both experiments were performed at TS = 606 °C with dNi = 2.3 nm. Compared to the 
NP1-process, the NP2-process yielded NPs with higher density, while diameters, 
height, and size spread decreased, similar to observations at SiO2/Ni. Moreover, each 
size distribution shown in Fig. 5.15 can be approximated with a Gaussian. Extracted 
data from NP evaluation are summarized in Table 5.1 for here presented samples. The 
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influence of temperature was examined in the range of 461 − 654 °C with a 
NP2-process and dNi = 2.3 nm (Fig. 5.15 a−c). In the whole temperature range, a clear 
formation of separated particles is obvious. Results reflect a thermally activated 
process, where particle sizes and spread increase with temperature, while density 
decreases. 
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c) NP2, TS = 654 °C 
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Fig. 5.15: Ni nanoparticles on Ta after NP2-processes performed at different temperatures and 
corresponding distributions of NP diameter and height (dNi = 2.3 nm). 
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Nonetheless, the difference in NP size distribution between 460 °C and 606 °C 
pretreatment is marginal. Only at the highest temperature, effects such as Ostwald 
ripening and agglomeration are indicated with the appearance of large NPs and 
broadening of size distribution in Fig. 5.15 c. The influence of catalyst thickness is 
evident comparing NPs from a 2.3 nm (Fig. 5.15 b) and 3 nm (Fig. 5.16) Ni film. As 
expected, the thicker catalyst film yields a significantly broadened size distribution with 
increased diameter and height, and decreased spatial density. Noticeable is that, the size 
distribution of the 3 nm Ni sample is no longer a Gaussian distribution. This is 
underlined with Fig. 5.17 comparing for both thicknesses the height-diameter relation 
of all NPs.  
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Fig. 5.16: Ni nanoparticles on Ta after NP2-process at TS = 606 °C with dNi = 3 nm together with 
the distribution of diameter and height. 
Fig. 5.17: The relation of height and diameter for each NP of the measurements shown in 
Fig. 5.15 b and Fig. 5.16.   
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While heights for NPs of the lower thickness remain within a small range, the heights of 
NPs from the thicker catalyst film are widely distributed, which implies a stronger 
dewetting of NPs for the 3 nm Ni film. Thereby, a clear trend is obtained, which allows 
a linear approximation (slope values in Table 5.1). 
Table 5.1: Summary of derived data of AFM measurements shown in Fig. 5.14 – 5.16. 
Additionally, the slope of the linear approximation of the NP height over diameter plot 
is listed (*). 
Process parameter NP diameter
[nm]
NP height
[nm]
Slope of
height(diameter) *
Spatial
density [cm-2]
NP1, dNi = 2.3 nm, TS = 606 °C 37.2 ± 9.4 18.3 ± 4.3 0.413 ± 0.014 1.7*10
10
NP2, dNi = 2.3 nm, TS = 461 °C 25.8 ± 6.5 12.0 ± 2.5 0.313 ± 0.005 3.9*10
10
NP2, dNi = 2.3 nm, TS = 606 °C 26.9 ± 7.9 12.3 ± 3.3 0.121 ± 0.017 3.1*10
10
NP2, dNi = 2.3 nm, TS = 654 °C 28.0 ± 9.1 13.6 ± 4.6 0.455 ± 0.007 2.8*10
10
NP2, dNi = 3.0 nm, TS = 606 °C 34.9 ± 11.4 20.1 ± 7.9 0.629 ± 0.010 1.8*10
10
 
Lastly, the sample cross section of a NP2-treated sample was analyzed with 
HRTEM/TEM, whereby the sample configuration is comparable to that shown in 
Fig. 5.15 b. Sample cross sections were prepared by the use of the focused ion beam 
method. From Fig. 5.18 a it is seen that Ni NPs adhere to the Ta surface, unlike 
observations at the system SiO2/Ni. The mean contact angle and standard deviation of 
NPs were determined with (92.8 ± 19.3)° from the histogram depicted in Fig. 5.18 b. 
HRTEM analysis showed that NPs on Ta are mainly crystallized, appearing as Ni and 
Ni2O3 crystals. EDX line scans (Fig. 5.18 c−e) indicate marginal intermixing between 
Ta and Ni at the interface as Ni and C signals simultaneously set in. Thereby, the latter 
signal mainly comes from the carbon deposited before TEM measurements to minimize 
charging effects.  
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Fig. 5.18: TEM cross section of a Ta/Ni sample after NP2-process (a) with the histogram of 
extracted NP contact angles (b) and EDX line scans at sites with (d) and without a NP 
(e). 
5.2.3 Growth studies  
The following results were obtained with CNT2-processes operated in the two-pressure 
regime (Chapter 4.3 – pp. 48). Previously, several process conditions for the growth of 
CNTs were examined for the Ta/Ni system. It turned out that most reproducible and 
controllable CNT growth with vertical alignment was obtained at a total process 
pressure of 20 kPa. Exemplarily, Fig. 5.19 demonstrates a cross section of a CNT film 
grown at TS = 606 °C. There, CNTs appear well attached to the Ta layer and show a 
preferential growth direction normal to the sample surface.  
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1 µm
Fig. 5.19: SEM cross section of CNT film obtained with a CNT2-process at 606 °C.  
The structure of the CNTs was investigated with TEM/HRTEM. A typical observation 
is presented in Fig. 5.20. It confirms tubular multi-walled carbon nanotubes with a 
diameter of (18.8 ± 4.6) nm and a din/dout ratio of 0.30 ± 0.07. MWCNTs show just a 
few carbon deposits on the outer surface. Partly filling of nanotubes with catalyst 
residuals was observed as well, but not as distinct as at the SiO2/Ni system. Moreover, it 
was noticed that MWCNTs primarily grow in the root growth mode.  
a) b) 
50 nm 10 nm
Fig. 5.20: TEM (a) and HRTEM (b) observation of MWCNTs grown at 606 °C. 
The influence of catalyst thickness is obvious comparing CNT films grown on 2.3 nm 
(Fig. 5.19) and 3 nm Ni (Fig. 5.21) (TS = 606 °C, N2/H2/C2H4 = 458/75/25 sccm, 
tCNT = 10 min). The corresponding NP states before growth can be found in Fig. 5.15 b 
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and Fig. 5.16. As seen, a 2.3 nm Ni film yields VACNT growth with good attachment 
to the support. By contrast, dNi = 3 nm leads to poor alignment and reduced density. 
Also, CNT film height diminished from (3.0 ± 0.2) µm for dNi = 2.3 nm to 
(2.3 ± 0.2) µm for dNi = 3 nm. Besides, the diameter of CNTs shows a tendency to 
become more slender towards the substrate. This effect is even more pronounced at 
dNi = 3 nm. Hence, it can be stated that an increase of the catalyst thickness from 2.3 to 
3 nm leads to a poor alignment and destabilization of CNT growth. 
1 µm
Fig. 5.21: SEM cross section of CNT films grown on 3 nm Ni at 606 °C. 
Other experiments were conducted to determine the influence of temperature. 
Therefore, CNTs were grown at temperatures ranging from 590 − 654 °C (dNi = 2.3 nm, 
N2/H2/C2H4 = 443/100/15 sccm, tCNT = 10 min). Cross sections and CNT film heights 
over temperature are shown in Fig. 5.22. A clear structural trend emerges showing a 
decreased quality of CNTs and a transition to entangled growth when going to lower 
temperatures. At the lowest temperature, entangled growth and weak adhesion of the 
CNTs to the substrate are notable. The temperature progression of the CNT film height 
is similar to many other observations, e.g., [89, 96, 97]. It reflects basically two 
temperature regimes for the CNT growth. In the low-T regime, below the maximum 
CNT film height at 590 °C, growth is thermally activated and is determined by surface 
reactions. Meanwhile, it is accepted that the determining reaction is the dissociation of 
carbon precursor [61]. Here, the detachment of the CNTs from the substrate should be 
taken into account too, as this is supposed to affect growth conditions due to different 
temperature conditions and available catalytic sites. In the high temperature regime 
growth is characterized by gas phase diffusion limitation and self deactivation of CNT 
5.2  Vertically aligned growth of CNTs with the system Ta/Ni
 
77 
growth. Self deactivation can be described with a limited life time of the catalyst 
activity, which is drastically decreasing at higher temperatures [71].  
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Fig. 5.22: SEM cross section of CNT films grown at 560 °C (a), 606 °C (b), and 654 °C (c). CNT 
film height over sample temperature is plotted in (d). 
Normalized Raman spectra of the samples grown at different temperatures are presented 
in Fig. 5.23. The spectra show peaks at 1358 cm-1 and 1587 cm-1, which can be assigned 
to the D and G band. The second order Raman peaks appear at 2713 cm-1, 2949 cm-1, 
and 3248 cm-1, which correspond to the 2D, D+G, and 2G bands, respectively. As a 
shoulder of the G band, also the D` band at ~ 1610 cm-1 appears, but with increasing 
temperature it soon merges with the G peak. The D, G, and 2D peaks were fitted with 
three Lorentzians and derived values are summarized in Table 5.2.  
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Fig. 5.23: Normalized Raman spectra of MWCNTs grown at different temperatures. 
Measurements were performed with  = 488 nm. 
Table 5.2: Characteristic values derived from the evaluation of Raman spectra (Lorentz peak 
approximation). 
Temperature [°C] ID/IG I2D/IG FWHMD [cm
-1] FWHMG [cm
-1] FWHM2D [cm
-1]
590 1.6 0.4 57.9 57.9 107.7
606 1.2 0.5 58.0 56.2 90.3
622 1.0 0.6 51.3 52.2 76.4
654 0.9 0.6 54.4 53.9 94.6
 
In congruity with SEM and TEM observations, the quality improves with increasing 
temperature as indicated by a continuous decreasing ID/IG ratio. Compared to other 
reports, e.g., [77], a value of 0.93 at 654 °C indicates good quality MWCNTs. The 
improvement of quality with temperature is attributed to the defect healing processes at 
the CNT growth edge [71, 72]. Notable is that, FWHM2D continuously decreases from 
590 to 622 °C, but it increases suddenly at 654 °C. The larger FWHM at 654 °C can be 
explained with a stronger spread in CNT quality at this temperature. In addition, TEM 
observations show a shorting in crystallization coherence length in the CNTs, mainly 
substantiated in not optimized process conditions. 
5.2  Vertically aligned growth of CNTs with the system Ta/Ni
 
79 
For the next experiments, TS = 606 °C was chosen, as this temperature yielded good 
vertically aligned growth with no signs of premature growth stop. Fig. 5.24 depicts the 
influence of C2H4 on growth height and film structure obtained by variation of pC2H4 in 
the range of 0.36 − 1.25 kPa (dNi = 2.3 nm, pH2 = 2.66 kPa [75 sccm], tCNT = 10 min). It 
was noticed that the CNT layer first thickened with increase of pC2H4 until 0.9 kPa, but 
then stagnated. Additionally, the films experienced a structural change with a transition 
from vertically aligned to entangled growth. In the latter case, horizontal film expansion 
led to the partly detachment of the film. Thus, it can be stated that these processes allow 
just a limited amount of C supply otherwise growth turns to entangled growth with 
lower growth rates and/or a high probability of premature growth deactivation.  
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Fig. 5.24: Cross section of CNT films obtained with pC2H4 = 0.36 kPa (a), 0.90 kPa (b), and 
1.25 kPa (c). The film height progression is ploted in the diagram (d). 
5  Effect of different support/catalyst systems on the growth of CNTs 
 
80 
The influence of pH2 on growth height and film structure was examined by variation of 
H2 gas flow (TS = 606 °C, dNi = 2.3 nm, pC2H4 = 0.9 kPa [25 sccm], tCNT = 10 min). 
Fig. 5.25 presents CNT films obtained with pH2 ranging from 0 to 1.7 kPa. Qualitative 
comparison of film structure revealed an improvement with decreasing pH2. 
Nevertheless, film thickness variation remains more or less within error bars as shown 
in Fig. 5.25 d. Despite a slight tendency to higher CNT film thickness, pH2 increase 
revealed a minor influence on film height. 
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Fig. 5.25: Cross section of CNT films obtained with pH2 = 0 (a), 0.9 kPa (b), and 1.7 kPa (c). The 
film height dependency on pH2 is ploted in the diagram (d). 
The evolution of a CNT film over time was recorded with processes performed at 
TS = 606 °C (dNi = 2.3 nm, pH2 = 2.7 kPa [75 sccm]). Two sample series were prepared 
with pC2H4 = 0.5 kPa [15 sccm] and 0.9 kPa [25 sccm]. Exemplarily, film cross sections 
of a 3 min and 20 min lasting growth process are depicted in Fig. 5.26 a and b. 
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Fig. 5.26 c highlights the height progression over time.  
a) b) 
2 µm1 µm
             c) 
 
Fig. 5.26: SEM cross section of CNT films obtained after 3 min (a) and 20 min growth (b) with 
pC2H4 = 0.9 kPa. CNT film height dependency on tCNT for two different pC2H4 (c). 
First of all it is apparent that the longest process, performed with the higher pC2H4, 
shows a transition from aligned to entangled growth at the bottom of the film. A 
slandering of the CNT diameter towards process end is notable, too. The transition from 
vertical to entangled growth is reflected in a slope reduction of growth height after 
14 min, which appears only for the process with the higher pC2H4. A saturation of height 
is seen at around 5 µm. By contrast, CNT growth with the lower pC2H4 shows a linear 
increase of film thickness even up to 20 min. This correlates with SEM analysis 
exposing no thinning or other deactivation signs at that process conditions. It 
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demonstrates that catalyst life time is limited, leading sooner or later to growth 
termination. Obviously, a slowing down in growth rate is accompanied by a thinning of 
the CNTs. This can be associated with TEM observations of catalyst residuals in the 
CNTs. In this regard, the catalyst is continuously consumed until growth collapses. 
Moreover, deactivation depends on the rate of C supply or pC2H4. Moreover, the 
appearance of deactivation signs at the bottom prove that a distinct root growth mode 
prevails. Excluding samples that experienced structural changes during the process, a 
linear relation of growth height and growth time is given as shown with the dotted lines 
in Fig. 5.26 c. This reveals a growth rate of 186 nm/min and 348 nm/min for 
pC2H4 = 0.9 kPa and 0.4 kPa, respectively. Conspicuous is that the growth rate is 
significantly lower compared to CNTs grown on SiO2/Ni under comparable conditions 
(see pp. 63). The linear approximations give also intersection points with the time axis 
reflecting a certain induction time before CNT growth initiation.  
Finally, a reproducibility test was performed. This was done by comparing samples 
from two different batches (batch 1 and 2) prepared with identical processes. 
(TS = 606 °C, N2/H2/C2H4 = 458/75/25 sccm, tCNT = 10 min). The bar graph in Fig. 5.27 
shows CNT film heights from the batch 1 and batch 2 samples, whereas for batch 2 
three separated processes were applied.  
Fig. 5.27: Comparison of batch 1 and 2 VACNT samples, prepared at identical parameters. 
SEM cross section analysis suggested no significant structural changes in vertically 
aligned growth. Nevertheless, slight deviations in CNT film thickness between both 
batches and with batch 2 exist. Although there is room for optimization, the results 
demonstrate an acceptable reproducibility of experiments.  
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5.2.4 Discussion of interface effects and CNT growth  
There is a vast literature on studies of CNT growth with different support/catalyst 
combinations. In most studies, CNT growth was performed on isolating supporting 
layers. Some concentrated on the control of NP formation by using a rough Al2O3 
surface to avoid excessive NP agglomeration [98, 99]. Just a few studies deal with 
metallic substrates and their influence on catalyst formation and CNT growth. Nesim et 
al. [91] showed with studies of Ni on Pd and Ta layers that the grain structure of the 
support has a strong influence on CNT growth. Especially at materials with a lower 
melting temperature, grain growth is seen critically as it dramatically influences 
diffusion based material transport. This can lead to excessive agglomeration and even 
consumption of the catalyst. In past studies, related to this work, similar agglomeration 
effects were observed at grain boundaries of an Al catalyst supporting layer [100]. This 
emphasizes that special care has to be devoted to the choice and the thickness of the 
catalyst supporting material and to its structural evolution during high temperature 
treatments. About the interaction at the support/catalyst interface little is known. Wang 
et al. [92] found an indication for a strong interaction by comparing Ta/Fe and SiO2/Fe, 
which were subjected to thermal as well as plasma assisted CVD processes. Similar to 
studies presented here, just Ta/Fe yielded vertically aligned CNT growth in thermal 
CVD processes. However, physical and chemical interactions at the interface and acting 
mechanisms remain unclear.  
In this work, differences in the systems SiO2/Ni (Chapter 5.1) and Ta/Ni confirm that 
the support plays a vital role on NP formation and CNT growth. Thereby, at Ta/Ni 
vertically aligned growth of MWCNTs seems to correlate with a wetting of catalyst 
NPs. It is intended to highlight the mechanisms by a discussion of the above results 
under special consideration of the state, morphology, and interaction at the 
support/catalyst interface.    
The morphology and the state of the interface between Ta and Ni 
Since surface and grain boundary diffusion are preferred paths for material transport, 
the morphology and the grain structures of the Ta layer is important to consider as it 
may affect the assembly of catalyst NPs. However, AFM measurements proved that the 
Ta layer experienced less morphologic changes upon annealing in an NP2-process. 
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Although less information on the grain structure of Ta could be derived, an estimation 
about grain size can be given. The microstructure of the film is basically determined by 
grain growth mechanisms, the film thickness, and the annealing procedure. For Ta, 
grain growth can be expected to be marginal due to the high melting temperature 
(TM = 3017 °C). To emphasize, under typical process conditions the homologous 
temperature (T/Tmelting) is < 0.4, where grain growth can be neglected [101]. Even in the 
case grains would grow, dimensions would be limited to three times the layer thickness 
[102], which would mean smaller than 30 nm in the present case. It can be expected that 
grains are significantly smaller than typical NP dimensions at temperatures considered 
here. Thus, effects of annealing on the microstructure of Ta and differences in the 
formation of NPs should be marginal.  
The Ta/Ni interface state is of vital importance for NP formation and also CNT growth. 
As Ta experienced contact with ambient before deposition of Ni, it is covered with a 
superficial oxide. A low surface tension of oxidized Ta is expected (40 – 47 mJ/m² 
[103]), which would favor dewetting of NPs. However, the opposite was observed with 
TEM studies, which suggests to consider also reduction reactions in the pretreatment 
phase. Assuming the most stable oxide Ta2O5 [104], the following reactions are viewed 
Ta2O5 + 5H2 →  2Ta + 5H2O; G = 836 kJ mol-1 – T · 230 J mol-1 K-1, (25) 
Ta2O5 + 10H →  2Ta + 5H2O; G = -1343 kJ mol-1 + T · 263 J mol-1 K-1, (26) 
where thermodynamic data were derived from a chemical database [82]. According to 
the Gibbs free energy change, a simple reduction of Ta2O5 with H2 according to 
equation (25) is improbable within the process temperature range. By contrast, 
providing atomic hydrogen would facilitate the reduction according to the reaction (26). 
This reaction path is possible under consideration of catalytically active Ni on the Ta 
layer. As Ni is readily reducible (see pp. 64), it could provide a reactive surface where 
H2 adsorbs and dissociates under release of atomic hydrogen [105]. In a H-spillover 
[106] to the oxide at the Ta/Ni interface, a reaction according to the equation (26) 
should be possible. Similar mechanisms were shown by early works of Baker et al. 
[83], who studied the reduction of TiO2 supported by Pt. They found that the presence 
of Pt is essential to reduce TiO2 at low temperatures. Further, Park et al. [107] verified 
with HRTEM investigations a transition of TiO2 into less stable Ti4O7 in the presence of 
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adhering Ni particles after temperature treatment in H2. It is important to point out, that 
the reduction was found to be restricted to the TiO2/Ni interface. Even for Ta2O5 a 
reduction in combination with Ni was observed at temperatures as low as 480 °C [108]. 
These findings suggest that at least the interface between Ni and Ta could be partly 
reduced or even oxide free. It is conceivable that the proportion of such an interface is 
strongly dependent on the sequence and kinetics of competing processes, such as film 
agglomeration, release of subjacent surface, and reduction. The comparison of NP1- 
and NP2-processes justify the important role of temperature, catalyst thickness, and 
time of hydrogen supply. On the one hand NP1-pretreatment leads to adverse formation 
of NPs, unsuitable to grow vertically aligned CNTs. From AFM measurements it is 
found that particles are relatively large and have a lower density compared to NP2-
treated samples, which indicates a dewetting of NPs (see Fig. 5.28 a−c). On the other 
hand NP2-pretreatment leads to adhered NPs on Ta and VACNT growth in the root 
growth mode, indicating strong adhesion of the catalyst to its underlayer (see 
Fig. 5.28 d−f).  
NP1-pretreatment 
a)                   b)                 c) 
NP2-pretreatment 
d)                   e)                 f) 
Fig. 5.28: Schematic illustration of NP formation at NP1- and NP2-processes at the Ta/Ni system 
with the initial sample state (a, d), the sample state during heating the sample (b, e), and 
NP state at the end of the pretreatment (c, f). Reduction of the Ta/Ni interface occurs 
over catalytic release of H and H-spillover to the interface.   
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Both processes differ in the point of hydrogen supply besides the total pressure in the 
heating phase. Hence, it can be stated, that in the initial phase of both pretreatments, the 
Ni films start to agglomerate releasing the oxidized Ta surface. In contrast to NP1-
processes, at NP2-processes the above mentioned reduction mechanisms of the oxide 
can set in from the beginning, which initializes interface formation and wetting of NPs. 
For NP1, the reduction of the interface to the support just starts after reaching high 
temperatures, where agglomeration and dewetting of Ni proceeded. This leads 
consequently to a relatively small interface, which is finally unsuitable for VACNT 
growth, as discussed later. Nevertheless, it is believed that a superficial oxide on a 
metallic surface in the initial pretreatment stadium is conducive for the formation of 
small and dense particles. Proper adjustment of the process may allow to prevent strong 
agglomeration of small and dense catalyst NPs, which may be a route to facilitate high 
density growth of small diameter CNTs, also on metallic substrates. 
The interaction between Ta and Ni  
The wetting of NPs and vertically aligned CNT growth in the root growth mode 
indicate strong interactions at the Ta/Ni interface in CNT2-processes. Those 
support/catalyst interactions have physical and chemical reasons, such as alloy 
formation, surface/interface energies, and strong metal support interaction (SMSI). The 
reformation of the thin catalyst film can be predicted considering lattice parameters and 
surface tensions of Ta and Ni. In the case of an entirely reduced Ta/Ni interface, surface 
tensions of 2.7 J/m² and 2.8 J/m² can be assumed at 606 °C for Ta and Ni, respectively 
(equation (18) with Ta: (TM) = 2.2 J m-2, d/dT = -0.25 mJ m-2 K-1; Ni: 
(TM) = 1.8 J m-2, d/dT = -1.2 mJ m-2K-1 [53]). Lattice constants of 0.3354 nm and 
0.3578 nm for Ta and Ni, respectively, give a lattice mismatch of │aTa - aNi│/aTa = 7 %. 
(Note, to simplify, different crystallographic orientations and phases are not considered. 
Further, the formation of NPs is also influenced by the annealing atmosphere [56]. 
Particular, in an H2 atmosphere, adsorbed H2 may act as a surfactant modifying the 
surface energy of catalyst particles [109].) Under these conditions the reformation of Ni 
films is expected to follow Stranski-Krastanov growth mode as SV - FV/SV > 0 [53]. 
However, as discussed above, at the beginning an oxidized Ta surface with a much 
lower surface energy is present, which leads initially to a strong agglomeration and 3D 
island formation (Volmer-Weber mode). Only after progressed reduction of the 
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interface in the course of the process, NPs adhere to the substrate as proved with TEM 
cross section analysis.  
From TEM cross sections and EDX line scans (Fig. 5.18) an intermixing of Ta and Ni 
at the interface is difficult to estimate. It is not excludable that an alloy is formed at 
temperatures relevant here, according to the Ta/Ni phase diagram [110]. However, these 
effects should be restricted to the Ta/Ni interface since inter-diffusion is minimal. In a 
first approximation, this can be inferred from the self-diffusion value (DS) of Ta, which 
is in the order of < 10-10 nm²s-1 at the temperature relevant here [111]. When the 
diffusion length is estimated by integrating tTDS )(4  over time [112], with the 
temperature-time relation of the NP2-process and DS(T) from [111], it gives a negligible 
value of 0.005 nm. Nevertheless, this is only a simplified view. It neglects the real 
structure of the Ta film and mechanisms like grain boundary diffusion.  
The strength of the interface interaction can be estimated from the contact angle 
according to the Young-Dupre equation (19). The obtained contact angle of 
(92.8 ± 19.3)° gives an adhesion energy of 2.2 to 3.6 J/m² at 606 °C (assuming 2.8 J/m² 
for Ni). By contrast, for SiO2 the contact angle tends to 180°, which means that the 
adhesion energy tends consequently to zero. The large difference between adhesion 
energies in both systems is reflected in different NP formation and CNT growth. In the 
case of SiO2/Ni, NPs can easily detach and CNTs mainly grow in tip growth mode. For 
Ta/Ni, adhesion energy and/or forces to remove NPs are very high and consequently the 
root growth mode prevails.  
The strong interaction at the system Ta/Ni may be substantiated in special electronic or 
chemical interactions. In the case of a partly reduced interface, it is reasonable to 
consider the strong metal-support interaction (SMSI), although there are just a few 
studies correlating SMSI with the growth of carbon nanostructures [113, 114]. At this 
point it is pertinent to recall some of the findings on the SMSI effect: The effect was 
first reported by Tauster et al. in 1978 [106]. It occurs when group VIII metals (Pd, Pt, 
Fe, Ni, Co, Ru etc.), supported on reducible oxides (e.g., TiO2), are heated in a reducing 
atmosphere. Tauster observed a suppression of H2 and CO chemisorption capacity of 
metal clusters on TiO2 [106] at high temperatures. Others found a significant 
enhancement of catalytic properties of Ni towards hydrogenation of C2H4 using certain 
dielectric support materials at moderate temperatures [107]. Furthermore, SMSI was 
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found to be critical in carbon nanofiber growth showing an influence on yield and 
quality [114]. Due to modification and enhancement of catalytic properties, the SMSI 
effect is of particular interest in the field of heterogeneous catalysis and is subject of 
intensive studies until now. Strong interactions are also correlated with dramatic 
structural changes of transition metals on TiO2 [115-117]. There are several factors and 
mechanisms contributing to the SMSI effect, which are extensively reviewed by Fu and 
Wagner [86]. The main models proposed to describe the SMSI state are electronic 
metal-support interactions and encapsulation. A SMSI state arises after partly reduction 
of the support, which enables the metal cation of the support to donate negative charge 
to the supported metal particle (Fig. 5.29 a). Thereby, reduction is enabled due to the 
spillover of atomic hydrogen to the oxidized interface.  
a) 
 
b) 
 
Fig. 5.29: Interfacial charge transfer from TiO2 to the metal (a). Schematics of the 
encapsulation process with mass migration from partly oxidized support material to 
the metal surface (b). (pictures from ref. [86]) 
Negative charges, transferred from the support to the metal, enhance the catalytic 
activity of the metal by back donation of electron density into antibonding orbitals of 
the adsorbate. The strength of the SMSI effect is determined by the ability to donate 
charge upon partly reduction. This is particular distinct for Pd, Pt, and Ru on TiO2 [83, 
106, 107]. For other substrates, such as Al2O3 or SiO2, the SMSI is much less distinct 
[83, 107]. Besides, it was found, that SMSI is related to the bandgap and dielectric 
properties of the material [86]. Furthermore, encapsulation or decoration of metal 
islands with support oxides was observed. It involves a mass transport of support oxides 
on the metal particle driven by minimization of the surface energy [116, 118] 
5.2  Vertically aligned growth of CNTs with the system Ta/Ni
 
89 
(Fig. 5.29 b). This can lead to a blocking of active catalytic sites on the metal surface, 
which is an explanation for the H2 and CO chemisorptions suppression observed by 
Tauster [106]. Although most studies were performed with transition metals on TiO2, 
few studies on Ta2O5 were performed. Nonetheless, studies confirmed SMSI also for 
Ta2O5 with the observation of improved catalytic efficiency of Ni in the hydrogenation 
of C2H4 [107]. Hence, it is nearby to consider SMSI effects either in present studies. It 
could affect particle formation and adhesion, especially in the case the interface is 
partly oxidized. Unfortunately, the effect on particle formation cannot be proven with 
the available measurements, but it is worth to study the mechanisms in more detail as 
this gives further possibilities to control catalyst particle and interface formation. In 
future work, the effects will be further enlightened with in-situ XPS characterization, 
where the sample state will be monitored in the course of the process. An important 
question, which will be addressed, is the evolution of the interface state and the 
chemical properties of the catalyst. The role of a SMSI state on CNT growth is going to 
be discussed below. 
Effects of NP formation on CNT growth  
A strong adhesion of catalyst nanoparticles to the support has consequences on the 
growth mode and the available catalytic sites during the growth. This is obvious 
comparing the SiO2/Ni and Ta/Ni system. While at SiO2/Ni the NPs are weakly 
attached to the support and growth rate is > 642 nm/min, at Ta/Ni NPs adhere to the 
support and the growth rate is only 186 nm/min under comparable process conditions. 
The effect on growth rate is explainable with the available catalytic surface. At Ta/Ni, it 
is significantly smaller due to the attachment of NPs, leading to a lower conversion rate 
of C2H4. It was confirmed that the NP diameter is approximately the same as the CNT 
diameter. Therefore, just the catalyst edge is available for the hydrocarbon gas as 
schematically illustrated in Fig. 5.30. By contrast, for SiO2/Ni half of the spherically 
shaped NP is available for catalytic reactions, which is one reason for a higher growth 
rate. At the same time these facts explain the different catalyst life times. While for 
SiO2/Ni growth is terminated fast due to the excessive release of C, the release of C at 
adhered Ni NPs is well dosed, providing continuous growth of CNTs. Just at higher 
pC2H4 growth becomes instable and turns to entangled growth. It can be deduced that 
pC2H4 has to be adapted to the dimensions of the available catalytic surface in order to 
prevent premature growth stop, which would mean for SiO2/Ni a reduction of pC2H4. 
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The wetting of the NPs at Ta/Ni effects also the growth direction. It is reasonable that a 
ring shaped catalytically active site around the NP forms, which facilitates stable and 
symmetrical concentration gradients into the particle and hence vertically aligned  
growth of CNTs. At this point, it can be claimed 
that in thermal CVD processes an important 
criterion for the growth of vertically aligned 
CNTs is the formation of NPs adhering on the 
supporting layer. For the transport of C to the 
CNT growth edge, besides surface and volume 
diffusion, the interface diffusion should be taken 
into account as well. Wang et al. [92] proposed 
that the interface of a similar system (Ta/Fe) is a 
unique site for chemical and physical 
phenomena that could influence CNT growth. 
They speculated that the “wetting layer” at the 
Fe/Ta interface acts as a transport path for 
carbon. Besides, it is assumable that SMSI may contribute as well. In the case of SMSI 
a charge transfer could lead to a strong electric field at the interface. This could create a 
unique type of site at the interface, which affects for instance the ionic diffusion barrier 
and chemical reactions. Further, negative charge transfer from the support to the NP can 
modify activity of catalytically active sites by back donation of electron density into 
antibonding orbitals of the adsorbing C2H4. Under these conditions, Ta/Ni may be even 
considered as a bi-metallic catalyst. Hence, it is worth to study support/catalyst 
interactions in more detail as it could provide further understanding into acting 
mechanisms and may be a route to tune chemical properties of the catalyst.  
Influencing parameters and process restrictions for vertically aligned CNT growth 
CVD experiments showed, that there are several parameters influencing CNT quality, 
structure, and continuous growth of CNTs. Temperature variation revealed a typical 
progression of quality and yield (see pp. 77). The yield progression in the low-T range 
(below 590 °C) can be explained with the thermal activation and surface reactions. By 
contrast, in the high-T range growth is characterized by gas phase diffusion limitation 
and self deactivation of CNT growth. Self deactivation can be described with a limited 
 
Fig. 5.30: Schematics of vertically 
aligned CNT growth with 
adhered NP on the support. 
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life time of the catalyst, which is drastically decreasing at higher temperatures. Growth 
experiments performed at the transition of the low-T to the high-T regime, at 606 °C, 
revealed good quality MWCNT growth with a good controllability of the growth rate 
and CNT length. There, continuous growth with two different partial pressures of C2H4 
were obtained even for longer processes (see pp. 81). However, vertically aligned 
growth was just observed under certain process conditions, whereby the effect of 
temperature was particular distinct showing significant quality losses of CNTs at lower 
temperatures. Reasons for this are difficult to isolate. On the one hand, it can be 
explained with defect healing processes, which are suppressed at lower temperatures. 
On the other hand, in such a support/catalyst system, the formation of an adequate 
catalyst and interface formation is certainly also temperature dependent. This becomes 
clear in Fig. 5.22 a. There the CNT film detaches from the substrate, which may be a 
hint to insufficient formation of a stable support/catalyst interface. Future studies will 
enlighten those effects as this is particular important for low temperature processes.  
Processes under variation of C2H4 and H2 revealed an ideal pC2H4 range for VACNT 
growth (see Fig. 5.26 and Fig. 5.24). For processes with pC2H4 < 0.9 kPa even after 
10 min the growth is not terminated. In this operation range, the ratios of growth rates 
and respective pC2H4 are similar. It suggests that especially at 606 °C the growth rate is 
determined by mass transport of gaseous precursor (gas phase diffusion). Above this 
pressure, the reaction is limited by surface reactions as growth height stagnates. 
Furthermore, CNT film structure significantly worsens, which is in congruity with 
observations of Picher et al. [71]. Hence, processes at 606 °C with pC2H4 < 0.9 kPa allow 
a high control of growth with good CNT quality. 
The influence of hydrogen on the growth rate and structure appeared to be relatively 
weak at 606 °C (Fig. 5.25). This is in congruity with other reports using comparable 
process temperatures [62, 89]. Just at higher temperatures the role of hydrogen is more 
distinct [80, 119]. Nevertheless, a slight increase of CNT film height with H2 
concentration was observed at experiments presented here, which can be explained with 
an enhancement of conversion rate of the hydrocarbon gas or radicals [68]. The 
influence of H2 on the structure may be derived from observations in PECVD 
processes, although it is not straight forward to apply these findings due to activated gas 
species in plasma processes. Yokoyama et al. [120] found, that the regulation of 
hydrogen concentration determines about yield and structure of carbon deposits. Low 
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concentration or even no hydrogen yielded good quality CNTs, whereas high 
concentration of H2 produced highly defective carbon nanofiber (CNF) structures. This 
was explained with defect incorporation through the formation of stereoscopic sp3 C-H 
bond structures. The results presented here seem to reflect these findings by showing 
almost perfect vertical alignment without H2 and at high H2 concentration entanglement 
of CNTs in the film. Thereby, the latter suggests highly defective growth. On the basis 
of these facts, CNT growth processes can be simplified by running processes without 
H2 supply in the growth phase. 
Deactivation of growth 
Deactivation of growth can be correlated with the CNT film structure and the diameter 
of the CNTs. To emphasize, thinning of CNTs was observed during entangled growth 
and before growth deactivation. In general, deactivation of the catalyst is explained by 
excessive overcoating with C and blocking of active catalytic sites. However, 
observations made here suggest that catalyst consumption has to be considered in the 
deactivation mechanism too. This can be deduced from TEM measurements, showing 
Ni inclusions in the CNTs. Thus, catalyst parts detach due to CNT formation, which 
reduces the amount of active catalyst in the course of the process. As a consequence, the 
kinetics of all involved reaction steps in CNT growth are affected, leading sooner or 
later to growth termination. Thereby the “rate” of catalyst consumption seams to 
depend on the support/catalyst interaction. This becomes obvious comparing CNT films 
grown on 2.3 nm and 3 nm Ni (Fig. 5.19 and Fig. 5.21). While VACNTs were grown 
on 2.3 nm Ni, on 3 nm Ni CNTs grow less straight and show enhanced diameter 
reduction in the course of the process. Those differences can be explained with different 
NP formation. In Fig. 5.17 significant differences in the NP height-diameter relations 
are obvious comparing samples with 3 nm and 2.3 nm Ni. A significant height spread of 
NPs in the case of the 3 nm Ni film can be interpreted with less adhesion of NPs to Ta. 
This would also explain less straight CNT growth and signs for intensified catalyst 
consumption at 3 nm Ni. 
Growth model 
From experimental observations and facts gathered from literature, a growth model is 
proposed. It is valid for systems like Ta/Ni with interfacial and superficial oxides used 
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in thermal CVD processes for CNT growth. In particular, the growth model applies to 
the formation of catalyst nanoparticles from a thin film and growth of CNTs with a 
CNT2-process.  
1. NP formation: Annealing and pretreatment of Ta/Ni in a N2/H2 atmosphere lead to 
the reduction of superficial Ni oxides and an agglomeration of the thin film 
(Fig. 5.31 a→b). Catalytically active Ni provides atomic hydrogen, which is transferred 
over a H-spillover mechanism to the Ta/Ni interface, where atomic hydrogen enables 
partly or entire reduction of interfacial oxides. Physical and chemical interactions 
between Ta and Ni induce a strong adhesion of the catalyst to the support (Fig. 5.31 c). 
The SMSI effect may contribute as well, especially in the case of a partly reduced 
interface. The underlying mechanism can be a charge transfer from the support to the 
catalyst, creating an electric field at the interface giving rise to attracting forces between 
the support and the catalyst NP.   
2. Induction and nucleation: With the introduction of the growth phase, C2H4 
dissociates catalytically on the surface of the Ni NP. C release, diffusion, and saturation 
of the catalyst require a certain time frame, which is mirrored in an induction time. 
Upon saturation, superficially formed metastable carbids decompose and graphitization 
is initiated. Due to attachment of the NP this is restricted to the cap of the catalyst. 
Continuous carbon supply and adequately curved NPs, lead to a detachment of an initial 
tubular structure, which grows perpendicular out of the catalyst. The centering is 
attributed to the attachment of the catalyst to the support and the formation of 
symmetrical concentration gradients.    
3. Growth: Further incorporation of C atoms at the edge of the CNT leads to a 
continuous growth. Thereby, the sites for hydrocarbon conversion are restricted to the 
edge of the NP (Fig. 5.31 d) limiting the growth rate. Transport of C occurs over 
surface and volume diffusion. Additionally, interface diffusion may contribute. Growth 
kinetics depend mainly on temperature, concentration of the carbon precursor, and 
available catalyst sites. Moreover, the SMSI may manipulate catalytic properties by a 
charge transfer between the support and the catalyst, which may affect growth kinetics. 
Due to a strong support/catalyst interaction the root growth mode prevails. Catalyst life 
time is determined by a proper balance of precursor concentration, CNT diameter, and 
growth rate. Besides, the formation of a good interface to the support is essential for the 
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vertically aligned growth of CNTs and catalyst life time. 
a) b) c) d) 
Fig. 5.31: Schematic view of particle formation and growth process for the Ta/Ni system with the 
as-prepared layer stack (a), the initial state during heating with restructuring of the 
catalyst film (b), the reduction of interfacial oxides through an H-spillover mechanism 
and formation of NPs (c), and continuous growth of CNTs in the root growth mode (d). 
5.2.5 Summary 
Studies concentrated on the formation of NPs and vertically aligned growth of 
MWCNTs with the Ta/Ni system in thermal CVD processes. Special emphasize was 
paid to the structure, state, and interaction at the Ta/Ni interface. The comparison of 
NP1- and NP2-processes revealed dense and adhered NPs just for a NP2-pretreatment 
and a catalyst thickness of 2.3 nm. The strong adhesion of the catalyst with the support 
was explained with a local reduction of interfacial oxides at the Ta/NP interface by a 
H-spillover mechanism, which facilitates strong interaction at the interface. A 
contribution from the SMSI effect is expected as well, especially in the case of a partly 
reduced interface. The strong adhesion of catalytic NPs was correlated with the growth 
of vertically aligned CNTs in the root growth mode for CNT2-processes. The growth 
model proposes that catalytically active sites are restricted to the NP edge, which lowers 
the growth rate compared to the SiO2/Ni system. Characterization of CNTs confirmed 
multiwalled and straight CNTs with good quality. Systematic growth studies were 
applied to determine the influence of pressure, temperature, catalyst thickness, pC2H4, 
and pH2. In addition, kinetic studies were performed at selected processes, which 
revealed a growth rate of up to 348 nm/min. The temperature progression of CNT yield 
and quality reflects typical results reported in literature. A suitable parameter window 
was derived, which allows operation of VACNT growth in the gas phase diffusion 
controlled regime. Growth rates can be controlled by the partial pressure of C2H4 for 
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pC2H4 < 900 Pa, while the role of hydrogen turned out to be marginal. Catalyst lifetime 
was found to be dependent on pC2H4. In addition, growth length can be controlled by the 
duration of the growth process, whereby CNT film heights of up to 5 µm were obtained. 
Growth termination and entangled growth were observed to correlate with a thinning of 
CNTs, which was explained with a catalyst consumption. A stable VACNT process was 
further subjected to reliability tests, where at different samples marginal variations in 
CNT quality and CNT film thickness were observed. 
5.3 Interlayer growth of carbon nanotubes 
In this chapter a novel CNT structure is presented. Main features of this special 
structure are a distinct tip growth mode with vertically aligned MWCNTs, where the 
top layer is a continuous metallic film composed of Cr and Ni, which is lifted off the 
substrate during growth. Due to CNT growth between two layers, the nano structure 
was defined as interlayer CNT (ICNT) film. As the special structure arose many 
questions about its formation, an extensive examination was conducted with AFM, 
SEM, EDX, XRD, Raman spectroscopy, and TEM/HRTEM. Further, the growth under 
variation of CVD parameters is going to be presented and discussed.    
5.3.2 Effects of sample pretreatment  
Interlayer CNT growth was discovered for the system SiO2/Cr/Ni on Si. Thereby, the 
thicknesses of Cr and Ni were chosen with 7 nm and 2.1 nm. Equally, a reference 
sample in the configuration Si/SiO2/Cr was subjected to experiments. Although the 
latter samples did not yield any CNT growth, it was useful to capture morphologic 
changes of Cr with AFM measurements. The morphology of as-prepared samples 
revealed smooth surfaces with RMS = 0.4 nm and RMS = 0.2 nm for SiO2/Cr and 
SiO2/Cr/Ni, respectively (Fig. 5.32). Then, the samples were treated with an NP2-
process at TS = 606 °C. Upon annealing, both samples experienced significant changes 
in surface morphology as illustrated in Fig. 5.33. SiO2/Cr yielded a broken film 
(RMS = 2.4 nm) with height variations comparable with the film thickness. 
Si/SiO2/Cr/Ni gives a significantly altered surface morphology as well, whereby cap 
shaped islands indicate nanoparticle formation. It can be assumed that structural 
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changes of both layers, Cr and Ni, contribute to the surface morphology.  
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Fig. 5.32: Surface morphology of Si/SiO2/Cr (a) and Si/SiO2/Cr/Ni (b) before pretreatment. 
a) Cr after NP2 b) Cr/Ni after NP2 
500
1000
nm
0 500 1000 nm
40
nm
0 500
1000
nm
0 500 1000 nm
40
nm
0
 
c) d) 
 
Fig. 5.33: Surface morphology and line profiles of Cr (a, c) and Cr/Ni (b, d) on Si/SiO2 after 
NP2-process at 606 °C. 
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XRD measurements were conducted to measure compositional and structural changes 
between untreated and NP2-treated SiO2/Cr/Ni samples (Fig. 5.34). Measurements were 
performed with Cu-K x-ray source and grazing incidence with  = 1.5° (more details 
see Chapter 4.4). For assignment of Bragg reflexes, besides Cr and Ni crystals, oxides 
and alloys were considered and assigned under use of the PDF-database [74]. In 
general, the diffraction curves show broad peaks indicating small crystallites in the 
layer. The XRD spectrum of the untreated sample implies three assignable Bragg 
reflections (black curve). Cr can be identified with the peaks at 44.5° and 51.9°, which 
are Cr (110) and Cr (200), respectively. Thereby, an overlay at the first peak with 
Ni (111) cannot be excluded, but this signal is expected to be below the detection limit 
since on the one hand Ni is much thinner than Cr. On the other hand the next intensive 
Ni peak, Ni (200) at 51.9°, is not visible at all. The sharp peak at ~ 54° is an artifact not 
originating from the sample. A NP2-treatment of the same sample gave further Bragg 
reflections. Conspicuous is the appearance of several Cr2O3 peaks at 24.5°, 33.6°, 39.8°, 
and 50.2°, where relative peak intensities are comparable with the diffraction data of 
powder samples. However, the Cr2O3 (110) reflection at 36.2° is suppressed.  
 
Fig. 5.34: XRD spectra of Si/SiO2/Cr/Ni untreated and after NP2-treatment at 606 °C. 
Moreover, a sample cross section of a NP2-pretreated sample was prepared by the use 
of the focused ion beam method and characterized with TEM (Fig. 5.35). From the 
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energy filtered TEM (EFTEM) image it is obvious that elemental enrichments of Ni 
(blue-colored) and Cr (green-colored) exist. Thereby, it is noticeable that Ni phases are 
found in the entire layer with concentration at the SiO2/Cr interface. Besides, electron 
diffraction analyses of the cross section were performed (see Appendix E − Fig. E4). It 
confirms XRD measurements with crystallites of Cr2O3, Cr, and Ni. In addition, 
Cr2O3 (110) reflections were observed, but with crystal planes perpendicular to the 
sample surface. On the one hand this explains the absence of the respective peak in the 
XRD measurement, on the other hand this indicates a preferential crystal orientation of 
Cr2O3 (110). 
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Fig. 5.35: TEM cross section of Si/SiO2/Cr/Ni after NP2-pretreatment (a) and EFTEM (b). Blue-
colored and green-colored areas represent enrichments of Ni and Cr, respectively. The 
orientation of the sample surface is marked with the inset. 
5.3.3 Structure and composition of the ICNT film 
Initially, CNT2-processes were performed with Si/SiO2/Cr and Si/SiO2/Cr/Ni. While at 
the reference sample no deposition was observed, the second sample configuration 
yielded ICNT films. The visual appearance of the ICNT film is comparable with a 
reflecting metallic surface, different from the usual appearance of CNT films. This is 
reinforced with SEM observations showing a continuous and smooth top layer on the 
CNTs (Fig. 5.36). In SEM images it is also apparent that the top layer shows densely 
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packed bright spots, which are embedded in a matrix. These spots could be assigned to 
the catalytic active sites where CNTs grow out. The spatial density was determined with 
1.9·1010 cm-2.  
a) b) 
10 µm4 µm
c) d) 
1 µm500 nm 500 nm  
Fig. 5.36: SEM of CNT film in cross section (a, c) and top top view of a scratched area (b, d). 
The film structure is characterized by a distinct vertically alignment of straight CNTs. 
Attachment of the film to the substrate appears unsteady at different samples and 
processes. Thereby, bended CNTs at the support as well as CNTs connected with the 
support were observed.To clarify the position of Cr and Ni, EDX measurements were 
performed at the cross section of the film. Fig. 5.37 compares measurements of the thin 
lifted layer and of the interface to SiO2. In both cases, the absolute scan area and 
integration time were identical. Peaks in the spectral range of 0.4 – 1 keV can be 
assigned to O, Cr, and Ni. The intensive O peak originates from oxidized metals and 
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SiO2. Cr appears as a small shoulder at 0.57 keV only in the top layer. Ni is found at 
0.85 keV in both spectra, but appears with a higher intensity at the top layer. The higher 
energy range underlines that the top layer is Cr and Ni rich with peaks at 5.4 keV, 
5.9 keV, and 7.5 keV. Ni was not detectable in the bottom layer. Hence, EDX spectra 
indicate that most of the Cr/Ni layer was lifted off the substrate during growth of CNTs. 
Therefore, the formation of the ICNT structure underlies the tip growth mode. 
 
Fig. 5.37: EDX measurement of the top layer of the CNTs (red line) and of the support/CNT 
interface (black line). 
Furthermore, the ICNT films were characterized with TEM in lateral and cross 
sectional direction of the sample, whereby TEM-lamellas were prepared by the FIB 
method. On the surface of the top layer dark contrasted nanoparticles are noticeable, 
which could be identified as the sites where CNTs grow out (Fig. 5.38 a). EDX line 
scans confirmed that these nanoparticles are Ni rich (Fig. 5.38 b). The ICNT film cross 
section validates a continuous layer at the top of the film in congruity with SEM 
observations (Fig. 5.39 a).  
In HRTEM measurements along the cross section, several crystallites were observed 
(Fig. 5.39 b), which could be assigned predominantly to Cr2O3. In addition, also Ni and 
Cr crystallites were found. Clear separation of different crystallites indicates that 
massive intermixing is excludable. Fig. 5.39 c presents electron diffraction 
measurements obtained with a 170-nm blind (≈ diameter of measured area). 
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Fig. 5.38: TEM view in perpendicular direction to the Cr/Ni layer (a). Dark contrasted NPs are Ni 
rich (b). Note, for EDX scans TEM had to be run in a different operation mode, which 
explains the contrast inversion. Thus, white contrasted NPs in (b) correspond to dark 
contrasted NPs in (a). 
Diffraction analysis of the sample confirms the presence of Cr2O3, Cr, and Ni. Since 
Cr (100) and Ni (111) have almost the same lattice parameters (aCr100 = 0.204 nm, 
aNi111 = 0.203 nm), their diffraction pattern could not be clearly separated. It is 
conspicuous that these reflexes appear very intensive and often in the same direction in 
several diffraction images obtained along the layer. Further, Cr2O3 (110) crystallites 
were found with a preferential crystal orientation perpendicular to the sample surface. 
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Fig. 5.39: TEM cross section of ICNT film (a), HRTEM of Cr/Ni layer (b), and electron 
diffraction pattern (c). The relative orientation of the Cr/Ni surface is shown in the 
insets. 
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Those observations are in agreement with XRD spectra from the sample surface 
(Fig. 5.40). For comparison, the spectrum of the NP2-treated sample (from Fig. 5.34) is 
included. The diffraction spectrum of the CNT2-treated sample confirms that the Cr/Ni 
layer is composed out of small Cr, Ni, and Cr2O3 crystallites. Reflections are similar to 
the NP2-treated sample, which suggests that the Cr/Ni layer experienced less structural 
changes through the CNT growth. Further peaks appear at 26° and 43°, which can be 
assigned to MWCNTs or graphite [121]. In contrast to literature, the MWCNT peaks 
are comparably weak in intensity, which can be explained with the strong vertical 
alignment of the CNTs, where Bragg-reflection condition with a grazing incidence 
measurement is hardly fulfilled. It is most likely that only the strongly bended CNTs 
contribute to the reflections. The weak peak at 31.2° could not be assigned. Moreover, 
Cr2O3 (110) crystallites could not be verified with XRD measurements, which is not 
unexpected considering the orientation of those crystals (see Fig. 5.39 c). This 
reinforces that there is a preferential crystal orientation of Cr2O3 (110) perpendicular to 
the sample surface, similar to the state after NP2-pretreatment (Appendix E − Fig. E4).   
 
Fig. 5.40: XRD measurement of Cr/Ni after NP2-treatment (blue line) and after CNT growth (red 
line). The measurements were recorded with Cu-K x-ray source in grazing incidence 
mode. 
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Typical TEM observations of ICNTs grown at 606 °C are seen in Fig. 5.41. Straight 
multi-walled carbon nanotubes with a well crystallized shell structure are obvious. 
MWCNT diameters were estimated with dout = (20.7 ± 4.7) nm and din = (7.3 ± 1.3) nm 
in which din/dout = 0.4 ± 0.1. The CNT surface shows less deposition of amorphous 
carbon. Noticeable is that there are just few catalyst residuals in the CNTs. CNT ends, 
detached from the Cr/Ni layer, are predominantly particle free and mirror the spherical 
shape of the catalyst they grew out. In addition, catalyst free ends indicate fixed catalyst 
NPs in the Cr/Ni layer.  
a) b) c) 
50 nm 50 nm 10 nm
Fig. 5.41: TEM/HRTEM of nanotubes showing straight and hollow nanotubes (a, b) and the shell 
structure of MWCNTs (c). 
Fig. 5.42 gives the normalized Raman spectrum obtained from the same sample. The 
spectrum reflects a typical MWCNT spectrum. Peaks were fitted with Lorentzians to 
extract peak position, height, and FWHM. The peaks can be assigned to the D band at 
1358 cm-1 (FWHM = 63.1 cm-1) and the G band at 1587 cm-1 (FWHM = 57.1 cm-1), 
while the D` band is not visible. The 2D band is found at 2714 cm-1 
(FWHM = 94.5 cm־1). Well crystallized MWCNTs are indicated with ID/IG = 0.93 and 
I2D/IG = 0.53. 
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Fig. 5.42: Normalized Raman spectra from ICNT film ( = 488 nm). 
5.3.4 Growth studies 
CNT2-processes were applied under variation of growth temperature, gas composition, 
and time. To investigate the influence of temperature, MWCNTs were grown at 574 °C, 
590 °C, 606 °C, 622 °C, and 654 °C (CNT2, p = 20 kPa, N2/H2/C2H4 = 
443/100/15 sccm, tCNT = 10 min). Characteristic SEM cross sections of CNT films are 
shown in Fig. 5.43. Fig. 5.44 a gives the respective film heights and ID/IG ratios derived 
from Raman measurements (Fig. 5.44 b). In general, ICNT growth with vertically 
aligned MWCNTs was observed above 590 °C. Below this temperature, the Cr/Ni film 
became instable and growth turned over to entangled growth and rather poor quality, 
which is also reflected in an increasing height error bar at lower temperatures. The best 
CNT film structure was obtained at 606 °C with a continuous and leveled Cr/Ni layer 
and very straight CNTs. In addition, these growth parameters gave the highest ICNT 
film. Above 606 °C, the film thickness continuously decreases. Simultaneously SEM 
exhibits an increasing destabilization of the Cr/Ni layer. A trend was also observed in 
TEM analysis (not shown here) showing an increasing occurrence of catalyst residuals 
in the MWCNTs and short crystal coherence length of the nanotubes. Raman 
measurements confirm a good quality of MWCNTs over the temperature range, where 
interlayer vertically aligned growth was observed. 
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Fig. 5.43: SEM cross section of samples prepared at 574 °C (a), 590 °C (b), 606 °C (c), and 
654 °C (d). 
 
a) b) 
Fig. 5.44: CNT film height and ID/IG ratio over temperature (a) and respective Raman spectra (b). 
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It is worth to point out that the ID/IG ratio reduces fast and keeps almost constant above 
606 °C. Interestingly, the ID/IG ratio is at 606 °C ~ 30 % lower as for MWCNTs grown 
with Ta/Ni at comparable process conditions. Processes at 606 °C were further 
characterized under variation of pC2H4 (CNT2, p = 20 kPa, pH2 = 2.66 kPa [75 sccm], 
tCNT = 10 min). The partial pressure of C2H4 was varied from 0.54 kPa [15 sccm] to 
1.25 kPa [35 sccm]. As depicted in Fig. 5.45 with SEM observations and ID/IG ratios, 
the film structure and quality remains unchanged for pC2H4 ≤ 0.89 kPa. In this pressure 
range, CNT films show no deactivation signs for 10 min processes. Ratios of growth 
rates (determined from CNT film height over total time) and pressures are almost equal 
for both processes, suggesting that growth rate can be controlled with pC2H4.  
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Fig. 5.45: Cross section of samples prepared with pC2H4 = 0.54 kPa (a), 0.89 kPa (b), and 1.25 kPa 
(c). Dependency of CNT film height and ID/IG ratio obtained from Raman spectra (d). 
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By contrast, at pC2H4 = 1.25 kPa the CNTs became entangled and quality reduced 
according to the ID/IG ratio, while interlayer growth retained. Further, an early 
deactivation of the growth is indicated as film thickness diminished. Finally, the time 
dependency of a 606 °C process was measured (CNT2, p = 20 kPa, 
N2/H2/C2H4 = 443/100/15 sccm). Fig. 5.46 a and b present exemplarily the film cross 
section after a 3 min and 20 min lasting growth phase. The time dependency of CNT 
film height is plotted in Fig. 5.46 c. The heights can be linearly approximated until 
~ 10 min (dotted line) from which a growth rate of 395 ± 52 nm/min can be derived. 
Besides, it is conspicuous that the growth rate is approximately twice as high as for the 
Ta/Ni-system under comparable process conditions (see Chapter 5.2.3 – pp. 81).  
a)       b) 
1 µm100 nm
  c) 
Fig. 5.46: CNT films after CNT2-processes at 606 °C with 3 min (a) and 20 min (b) growth 
duration. The diagram (c) depicts the temporal dependency of CNT film height with a 
linear approximation until 10 min. 
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Above 10 min, the slope seems to reduce. The structure of the 20 min grown film 
suggests that reduction in growth rate is accompanied by structural changes, which can 
be explained by deactivation mechanisms, such as catalyst poising. Thereby, a thinning 
of CNTs to the end of the process (here at the top of the film), as observed at Ta/Ni, is 
notable but less pronounced. Furthermore, time dependency of height points out to a 
certain induction time that seems to be prolonged compared Ta/Ni. Moreover, the small 
error bars demonstrate on the one hand that ICNT-films are very smooth and on the 
other side that ICNT films can be precisely controlled in height. Finally, the process 
with the 10 min growth phase was repeated three times (same sample batch!) and 
measured film thicknesses are included in Fig. 5.46 c. Evaluation of film structure and 
height revealed acceptable reproducibility of ICNT-films.  
5.3.5 Discussion of catalyst properties and ICNT growth 
Brief literature review of Cr containing layer systems used in CNF/CNT growth 
First, it is appropriate to recall some findings from literature on Cr containing 
support/catalyst-systems used for CNT-growth. Cr is often used as an adhesion layer or 
a contact layer to facilitate good electrical contacts to CNTs [122, 123]. Others have 
used Cr in order to regulate the density of CNTs. In this case Ni is the actual catalyst 
and Cr acted as a spacer remaining on the substrate [124]. About the role of Cr in the 
catalytic CVD there are opposing findings. While some researchers found that Cr has 
negative impact on growth of CNFs or CNTs [125, 126], others found that Cr acts as a 
co-catalyst favoring low temperature growth of CNTs [127, 128]. It makes sense to 
consider even stainless steel substrates as these contain Fe, Ni, and Cr as well. Lin et al. 
[129] observed, for instance, CNT growth in tip growth mode on stainless steel 
substrates, but the catalyst at CNT ends contained nothing else than Ni or Fe. Moreover, 
only in the work of Xu et al. [130] a structure was obtained, which had remote 
resemblance to the ICNT growth presented here. They used a catalyst layer system 
composed out of Cr, Ni, and Fe in a flame pyrolysis CVD experiment. As a side effect, 
they observed CNT growth with a compact and thick granular film on top of the CNT 
film. However, the structure was not as distinct as reported here and the composition of 
the film and its effect on the growth characteristic were not investigated. As far as 
known from an extensive literature study, an ICNT structure, where a bi-metallic 
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catalyst layer is lifted off as a continuous layer through MWCNT-growth, has not yet 
been reported.    
The structure of the Cr/Ni film and its interfaces  
The Cr/Ni layer stack on SiO2 is first viewed during the NP2-process. Due to the 
vacuum interruption between the deposition of Cr and Ni, both layers are covered with 
native oxides. While Ni is easily reducible at typical process temperatures as discussed 
in Chapter 5.1.4 (pp. 64), Cr2O3, primarily detected with XRD, is relatively resistant to 
a reduction in a H2-atmosphere. Equation (27) implies this with a positive G at the 
temperature relevant here. Also experiments could not determine a reduction of Cr2O3 
below ~ 700 °C [131]. However, in combination with Ni the conditions should change. 
Ni evolves its catalytic effect by delivering atomic hydrogen during the pretreatment 
[105], which would easily enable reduction of Cr2O3 according to equation (28) over an 
H-spillover mechanism [106].  
Cr2O3 + 3H2 →  2Cr + 3H2O;  G = 415 kJ mol-1 − T · 141 J mol-1 K-1, (27) 
Cr2O3 + 6H →  2Cr + 3H2O;  G = -893 kJ mol-1 + T · 155 J mol-1 K-1. (28) 
From this point of view the conclusiveness of the AFM measurement of the pretreated 
reference sample Si/SiO2/Cr sample is limited (Fig. 5.33a) as without Ni superficial 
oxides are hardly reduced. Nevertheless, it demonstrates that the Cr layer experiences 
strong morphologic changes, which can also be expected in the Si/SiO2/Cr/Ni sample. 
Strong agglomeration is expected due to the high surface tension of Cr ( = 2.2 Jm-2 
[132]) and the low surface tension of SiO2 ( < 0.1 J/m² [85]). The appearance of the 
strongly ragged and also permeable film at Si/SiO2/Cr suggests that Ni particles are 
embedded in the Cr film at Si/SiO2/Cr/Ni (schematic see Fig. 5.47 b). This is in 
congruity with the elemental composition of the Cr/Ni film showing separated Cr and 
Ni zones in the cross section (Fig. 5.35). It is conspicuous that there is an enrichment at 
the surface of SiO2, which underlines permeability of the Cr layer. In addition, XRD 
spectra confirm an increase in surface area of Cr by the strong appearance of Cr2O3 
reflections after pretreatment and keeping at ambient atmosphere. To explain ICNT 
growth, it is important to consider the interface between the support and the metals, as 
well. For a support like SiO2 it is expected that upon annealing both metals minimize 
5.3  Interlayer growth of carbon nanotubes
 
111 
their surface/interface energies by dewetting from the support due to significantly 
higher surface energies of Cr and Ni compared to SiO2. Hence, adhesion forces of Cr/Ni 
to SiO2 are marginal. It is believed that a weak adhesion of the bi-metallic system to the 
support is an essential requirement for ICNT growth. 
Moreover, consideration of the interface state may be especially important for ICNT 
growth. Assuming a reduced interface between Cr and Ni according to the reduction 
mechanisms described above, an intermetallic compound may formed at the interface. 
This is indicated by the Cr-Ni phase diagram [133]. However, with XRD, HRTEM, and 
electron diffraction analysis no evidence for those compounds was found. Whereas, the 
compact appearance of the Cr/Ni-film and the robustness of the layer during ICNT-
growth suggests that intermetallic compounds, at least at the Cr/Ni-interface, were 
formed, but firm conclusions require further investigations. In addition, a strong 
fixation of Ni in Cr may be the reason for the low contamination of MWCNTs with 
catalyst residuals.  
Effect of the bi-metallic Cr/Ni catalyst system on the CNT growth  
The special structure with embedded Ni catalyst NPs in the Cr matrix and the special 
growth structure allow to consider Cr/Ni as a bi-metallic catalyst system for several 
reasons:  
The distinct growth below the Cr/Ni layer suggests a distinct C concentration gradient. 
This is conceivable as hydrocarbons decompose on the available catalyst surface, which 
is mainly on the top side of the catalyst. Due to one-sided C release, a concentration 
gradient forms in the catalyst that induces a directed transport of C over 
surface/interface and bulk diffusion to the backside of the catalyst. There, CNT 
structures are formed and lift-off the Cr/Ni layer (schematic see Fig. 5.47 c). Hence, a 
geometric aspect leads to one-sided C release and C concentration gradient towards the 
substrate. In addition, compared to the Ta/Ni system, the structure of the Cr/Ni film 
provides a larger available catalyst surface area, which would be an explanation for 
higher growth rates.  
During CNT growth, the Cr itself is not active as proved by the reference sample 
Si/SiO2/Cr. This is substantiated in the Cr-C phase diagram showing that chromium has 
a strong tendency to carbide formation, with three equilibrium carbide phases and 
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several metastable ones [134]. Also, low C-solubility makes Cr incapable for CNT 
growth [69]. Nevertheless, formation of carbides could not be detected with XRD 
measurements, probably due to the less intensity. Another explanation is that carbides 
have not formed at all. A reason for this may be a charge transfer mechanism similar as 
the one suggested by Yoo et al. [126]. Considering the work functions of Cr and Ni, 
which are 4.5 eV and 5.2 eV [82], respectively, a charge transfer from Cr to Ni is 
conceivable. A charge transfer can enhance catalytic activity of Ni by increasing back 
donation of electron density into antibonding orbitals of chemisorbing C2H4, which 
would stress the function of Cr as a co-catalyst. The charge transfer could be the reason 
for experimental observations of Cheng et al. [127], who measured a significant 
reduction of activation energy for CNT growth with a Co/Cr/Al multilayer catalyst. (In 
this case Co is the catalyst, Al acts as a supporting layer preventing catalyst 
agglomeration, and Cr was discussed as a co-catalyst.) In the present work, a charge 
transfer could explain the absence of Cr carbide Bragg reflections in the XRD spectra as 
dissociation of hydrocarbons on Cr and consequently carbide formation would be 
suppressed. In addition, charge transfer could contribute to significantly higher growth 
rates compared to the Ta/Ni system.  
Formation of interfaces between Cr/Ni with possible intermetallic compounds and/or 
electronic interactions also suggests the formation of a unique site for chemical 
reactions and for C diffusion. Here it is important to point out that in the ICNT growth 
the C source has to be transported through an apparently continuous layer. Hence, C 
diffusion has to take place over interface diffusion and/or volume diffusion. In this 
respect it would be important to perform more kinetic studies in order to determine the 
activation energy for CNT growth. It can be speculated that the SMSI effect, discussed 
in Chapter 5.2.4 (pp. 87), may be involved as well if the Cr at the interface to Ni is 
partly oxidized. However, SMSI has not been reported for this material combination so 
far.  
It is indicated that the improved quality of ICNT films, compared to the CNTs at the 
Ta/Ni system, is connected with the special growth structure from different viewpoints. 
First, a fixated catalyst NP in the Cr matrix may suppress a strong deformation during 
CNT growth, which may reduce incorporation of defects. This is reinforced by the 
observation of less catalyst residuals in the CNTs. Further, a continuous covering layer 
on the CNTs and their growth out of the reverse side of the layer suggests a dosed 
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delivery of carbon to the growth sites, which should positively affect CNT quality. 
Besides, it is expected that diffusion obstruction [135] of gaseous precursor is not 
relevant in ICNT growth and therefore it provides stable growth conditions. By the 
way, absence of diffusion obstruction should be also advantageous for the growth of 
very long and dense CNT films. 
Process window for continuous ICNT growth 
Height of ICNT films under temperature variation shows a typical dependency similar 
to the Ta/Ni system. In the low-T regime, growth is determined by surface reactions for 
thermal CVD processes [61]. At high temperatures, growth is characterized by gas 
phase diffusion limitation and self deactivation of CNT growth [136]. In particular, 
growth processes performed at 606 °C and low pC2H4 are characterized by a mass 
transport of gaseous precursor. At this temperature growth rate and film height can be 
precisely controlled over pC2H4 and time. Especially in the low-T regime structural 
changes of CNT films are noticeable showing a transition from ICNT growth to 
entangled growth. Simultaneously, the quality worsens significantly and the Cr/Ni layer 
loses its stability at low temperatures. It appears as if the Cr/Ni layer loses its bi-
metallic properties, responsible for ICNT growth. The degradation of the Cr/Ni layer 
suggests a changing of catalytic conditions and a weakened interface between Cr and 
Ni. One reason for this is an incomplete reduction and/or inadequately formed 
interfaces (intermetallic compounds). Likewise, the higher defect density in CNTs at 
lower temperatures leads to the higher mechanical load on the Cr/Ni layer during the 
growth. This favors destruction of the Cr/Ni layer and loss of ideal ICNT growth 
conditions. It also gives an explanation for growth of CNTs in both directions as 
observed for the lowest temperature (Fig. 5.43 a), where it can be assumed that Ni NPs 
lose contact with the Cr layer. Thus, the low temperature behavior emphasizes the 
importance of an adequately formed Cr/Ni layer. 
Growth model 
Presented results and discussions allow proposing a growth model for the ICNT growth:  
1. Reformation of the bi-metal catalyst layer: Upon high temperature treatment in N2/H2 
atmosphere, the Cr/Ni layer stack transforms into a layer, where Ni is embedded in a 
thin Cr matrix. The film structure can be described by a ragged and permeable Cr layer, 
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where interstices are filled with Ni NPs (Fig. 5.47 a → b). The film is further 
characterized by a weak adhesion to the supporting surface SiO2, which is an essential 
requirement of the ICNT growth. The interface between Cr and Ni is partly or entirely 
reduced by atomic H, provided by the catalytically active Ni and H-spillover to Cr. At 
the Cr/Ni interface, an intermetallic compound forms, which strengthens the Cr/Ni layer 
and fixates the Ni NP in the layer. 
2. Induction and Nucleation: During the growth phase, the C2H4 adsorbs and dissociates 
mainly on the available top side of Ni NPs. Cr itself is not catalyzing CNT growth, but 
serves as co-catalyst from the geometric and electronic perspective. Geometrically, it 
restricts release of C to the top side of Ni, while electronically it supports catalytic 
activity due to a charge transfer from Cr to Ni. Diffusion of C occurs over the Cr/Ni 
interface and over bulk diffusion. After C saturation, graphitization initiates on the NP 
surface. Due to the one-sided C release and the concentration gradient, the graphitic 
structures are mainly formed on the reverse side of the NPs. C release, diffusion, and 
saturation require a certain time frame, which is mirrored in a certain induction time.  
3. Growth: With steadily and continuous supply of C, graphitic sheets lift-off the 
catalyst and CNTs start to grow in between the support and the Cr/Ni layer 
(Fig. 5.47 c). Thereby, strong cohesion between Cr and Ni due to interface interactions 
and formation of intermetallic compounds causes the Cr/Ni layer lifting-off as a 
continuous and stable film. The special structure with embedded Ni particles leads also 
to stable growth conditions favoring vertically aligned growth of MWCNTs.  
a)                  b)              c) 
Fig. 5.47: Growth model with the initial sample state (a) and the transformation of the Cr/Ni layer
stack during pretreatment (b). Reduction of metal oxides is partly induced by catalytically 
activated H release and H-spillover mechanism. Introduction of a hydrocarbon gas leads
to interlayer growth of CNTs (c). 
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5.3.6 Summary and exploitation for applications 
The SiO2/Cr/Ni system was subjected to NP2- and CNT2-processes. NP2-treatment 
revealed Ni NPs embedded in a Cr matrix. Applying CNT2-processes yielded a unique 
type of nanostructure. The growth was described as interlayer CNT growth, where the 
Cr/Ni layer is lifted-off the SiO2 surface as a continuous layer through the growth of 
MWCNTs. The structure of the Cr/Ni layer is characterized by phase separation of Cr 
and Ni. It is expected that interaction at the interface explains stability of the thin film. 
Growth sites were identified as Ni rich. Chromium was discussed as a co-catalyst 
providing dosed and one-sided delivery of C by the special film structure. In addition, a 
charge transfer between Cr and Ni may enhance catalytic properties of Ni. Furthermore, 
the Cr layer provides stable conditions for CNT growth. ICNT growth is characterized 
by well crystallized MWCNTs, which are very straight and with few catalyst residuals 
inside the nanotubes. In addition, CNTs grow vertically aligned. Compared to Ta/Ni, 
improvement in quality and higher growth rate are notable. An optimum process in the 
gas phase diffusion controlled regime was found at 606 °C, which allows precise 
control of growth rate and ICNT film height. Finally, a growth model was proposed. 
This layer system will be further investigated to gain more insight into interactions at 
the Cr/Ni interface and mechanisms for ICNT growth.  
Exploitation for applications 
This structure has unique capabilities for the integration in electronic devices. The 
continuous metal layer on top of the CNTs allows new integration technologies from 
which, for instance, interconnect applications could benefit. There are several 
approaches fabricating CNT vias, but they usually require a complicated fabrication 
process including embedding of CNTs in vias with dielectrics for stabilization and a 
chemical mechanical polishing (CMP) step to contact all shells in MWCNTs [137] (see 
also Chapter 6). With the ICNT approach, via fabrication could be simplified. CNT 
height can be precisely adjusted making leveling with CMP unnecessary. Electrical 
contacts on the top might be improved as CNTs are well contacted with the Cr/Ni layer. 
Further, the top layer of the ICNT film acts as protecting layer of the underlying CNTs, 
which allows a subsequent deposition of a contacting metal layers without diffusion of 
metal into the CNT film. ICNT growth may be also used as flexible and conductive 
contacts for flip chip interconnections, investigated in previous studies [138]. Also 
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many other applications could benefit from this. A layer stack of arbitrary constellation 
can open a variety of integration possibilities in supercapacitors, thermal interface 
materials, nanosprings, sensors, and MEMS/NEMS devices. 
5.4 Support mediated catalyst deactivation  
For the integration of CNTs in electronic applications, site-selective growth of the 
CNTs is required. In general, this is achieved by catalyst structuring through methods, 
such as lift-off, etching, chemical mechanical polishing, or local catalyst deposition. All 
these methods have in common that exposure of the catalyst to ambient or any other 
treatment cannot be avoided before CNT growth. While partly oxidation of the thin 
catalyst layer can be reversed by an additional pretreatment in a reducing atmosphere, 
patterning techniques require additional treatments of the sensitive catalyst. It is to 
emphasize that typical structuring processes require coating of resist, etching, and resist 
removal. To guarantee residual free resist removal, it is often necessary to apply 
additional plasma treatments. As a consequence the sensitive catalyst layer experiences 
changes in the chemical state and film structure. A contamination is expected as well, 
which could alter catalytic properties. Hence, ULSI integration of CNTs in 
technologically sophisticated fabrication processes, like fabrication of interconnect 
systems for IC devices, becomes more complicated with those methods. Moreover, 
combination of consecutive steps like catalyst deposition and site-selective CNT growth 
by in-situ processes, in order to minimize extrinsic factors and increase controllability, 
is not possible. Therefore, a site-selective CVD, where catalyst activity can be 
controlled by the supporting surface, would be advantageous. In this case, just the less 
sensitive support has to be structured. However, in literature only few studies deal with 
layer systems that inhibit CNT growth. In the present chapter the support/catalyst 
combination W/Ni was investigated as it revealed growth inhibition. Although similar 
observations were also made by others [139, 140], the reasons for the growth inhibition 
are still under debate. Therefore, this study was motivated to get further insight into the 
role of the base layer and to exploit the support mediated catalyst deactivation in CNT 
via structure fabrication (presented in Chapter 6). 
For the investigations, a structured sample was prepared as schematically shown in 
Fig. 5.48 (preparation see Chapter 4.1). Thereby, Ni (2.3 nm) was deposited in the last 
5.4  Support mediated catalyst deactivation
 
117 
preparation step on the structured sample with Ta (10 nm) and W (25 nm) sites. 
Ta/Ni (A) was used as a reference support/catalyst system to achieve local vertically 
aligned CNT growth, while W/Ni sites (B) are for CNT growth inhibition.  
 
Fig. 5.48: Schematic sample configu-
ration.  
The surface morphology of respective sites was measured by AFM and deduced RMS 
values are summarized in Table 5.3 for different sample states. The surfaces of Ta and 
W after structuring were relatively smooth. The surface morphologies of the respective 
surface after deposition of Ni are depicted in Fig. 5.49 a and b. Compared to the 
previous sample state, the surface roughness increased a little on both layer stacks. 
Additionally, XPS measurements of W/Ni were performed, which confirmed that W 
was covered by a superficial oxide in the form of WO3 (see Appendix E − Fig. E2). 
Subsequently, samples underwent an NP2-process at 606 °C. As a result Ni on Ta 
experienced a strong morphologic modification by the formation of NPs (Fig. 5.49 c), 
comparable to results shown in Chapter 5.2.2. By contrast, Ni on W experienced less 
distinct morphology changes (Fig. 5.49 d). Despite a few larger particles, the surface 
remains more or less smooth with no clear NP formation. Equally, the sample state after 
NP2-pretreatment was examined with SEM (Fig. 5.49 e and f). While islands on Ta/Ni 
are clearly defined, on W/Ni contrast differences are less distinct. Similarly, larger 
bright contrasted islands can be noticed. However, weak contrast differences in the 
SEM image suggest less separated phases compared to Ta/Ni.  
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Fig. 5.49: AFM measurement of sample site A (Si/SiO2/Ta-10 nm/Ni-2.3 nm) and B (Si/SiO2/Ta-
10 nm/W-25 nm/Ni-2.3 nm) before pretreatment (a, b) and after NP2-pretreatment at 
606 °C (c, d). SEM of sites A (e) and B (f) after NP2-pretreatment. 
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Table 5.3: Surface roughness obtained from AFM measurements of samples sites A and B after 
different states of sample preparation and after NP2-treatment. 
Sample site Sample state RMS [nm]
A Si/SiO2/Ta 0.2
Si/SiO2/Ta/Ni 0.3 (Fig. 5.49 a)
Si/SiO2/Ta/Ni - NP2 treated 3.3 (Fig. 5.49 c, e)
B Si/SiO2/Ta/W 0.6
Si/SiO2/Ta/W/Ni 0.9 (Fig. 5.49 b)
Si/SiO2/Ta/W/Ni - NP2 treated 1.7 (Fig. 5.49 d, f)  
Further experiments were performed with typical CNT2-processes at 606 °C 
(Fig. 5.50). At Ta/Ni sites, vertically aligned growth was obtained comparable with 
results presented in Chapter 5.2.3. Whereas W/Ni sites show no CNT growth activity at 
all. Moreover, unlike the report of Lee et al. [140], SEM cross section analysis did not 
reveal thickening of the W layer, which excludes massive formation of any C deposits 
and W carbide formation. 
a)  b) 
AB B
2 µm10 µm
1 µm
AB B A B A BA
AB B
 
Fig. 5.50: SEM top view of the sample with W/Ni sites (A) and Ta/Ni sites (B) after a CNT2-
process at 606 °C in the top view (a) and cross section (b). 
Discussion 
To clarify CNT growth inhibition, it is necessary to consider first the chemical state of 
surfaces/interfaces as it determines about interactions at the interface and catalyst 
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formation. Initially, W and Ni are covered with superficial oxides. During 
NP2-treatment in a hydrogen atmosphere Ni oxides are expected to become readily 
reduced as already discussed in Chapter 5.1.4 (pp. 63). A similar case is expected for 
the oxide of W. XPS spectra of W sites revealed that the superficial oxide comprises 
mainly in WO3. According to equation (29) with thermodynamic data from [141] and 
[82], a reduction of WO3 is likely due to the negative G. In practice, the reduction of 
similar oxides (WO2.96) with H2 was found to start from 600 °C [142]. Thus, it can be 
expected that the superficial WO3 gets reduced to W at temperatures relevant here. In 
addition, the reduction process is expected to be supported due to the catalytically 
active Ni, which could provide atomic hydrogen through a catalytic dissociation of H2. 
After H-spillover to the W/Ni interface, also a reduction reaction according to the 
equation (30) is possible. It can be inferred from this that at the W/Ni system both 
layers are predominantly oxide free at process conditions relevant here.  
WO3 + 3H2 →  W + 3H2O;   G = -524 kJ mol-1 – T · 164 J mol-1 K-1 (29) 
WO3 + 6H →  W + 3H2O;   G = -1832 kJ mol-1 + T · 132 J mol-1 K-1. (30) 
Assuming pure metals after the reduction process, a strong physical interaction at the 
interface is expectable due to the high surface energies of Ni and W (Ni(TM) = 1.8 J m-2, 
W(TM) = 2.9 J m-2 [53]). It is worth to mention that W is one of the metals with the 
highest surface energies. Strong interactions were confirmed by Schmidthals et al. 
[143], when studying the structure and morphology of Ni monolayers on a crystalline 
W surface with in-situ scanning tunneling microscopy. They found an almost perfect 
layer-by-layer growth at room temperature for the first three monolayers of Ni. For a 
higher coverage, a gradual transition to 3D growth was observed. Even after annealing 
at 627 °C, the formation of 3D islands on top of one stable monolayer according to the 
Stranski-Krastanov mode was confirmed. Although experimental conditions in the 
present work are not as ideal as in the work of Schmidthals, the measured morphology 
of W/Ni sites after NP2-pretreatment reflect a similar film formation mode. Compared 
to Ta/Ni, the Ni layer on W experienced less morphologic changes without clear 
formation of separated islands. On the one hand, this suggests strong adhesion of Ni to 
W, on the other hand it strengthens the assumption of a complete reduction of 
interfacial oxides. Consequently, one important criterion for CNT growth, which is the 
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formation of a catalyst nanoparticle with an adequate surface curvature, cannot be 
fulfilled. Thus, superficially formed graphene/graphite cannot detach from the less 
curved island and the growth process terminates before precipitation of the initial CNT 
structure due to the blocking of catalytic sites. The blocking can be explained with the 
formation of an extended Ni surface on W, which is conceivable as W exposes a high 
energy surface after reduction. Hence, as soon the W surface becomes available, Ni, 
which has a significantly lower surface energy than W, spreads out in order to minimize 
the total free energy. This would be even more adverse for the CNT formation as the 
risk of catalyst self deactivation is enhanced. It is imaginable in that way that 
amorphous C or graphene/graphite forms on the surface of Ni islands and surroundings 
in the initial phase. As a consequence, no catalyst surface remains available for further 
C supply and the catalyst gets self deactivated. This is contrary to the Ta/Ni system, 
where Ni NPs are locally adhered to Ta and the edge zone of the NPs remain available 
as a conversion zone for further C supply. 
An alternative explanation for the growth inhibition was given by Lee et al. [140], who 
examined a Fe/Ni alloy-catalyst supported by W. He believes that W initially consumes 
most of the C by the formation of W carbide resulting in insufficient C supply and self 
deactivation of the catalyst. However, by contrast to the work of Lee, where a 
thickening of the W layer through carbide formation was observed, the thickness of the 
W layer remained unchanged in the present work. Besides, it cannot be excluded that 
alloys are formed between W/Ni, as suggested by the W-Ni phase diagram [133]. This 
may affect the catalyst properties, but it can be expected that alloy formation is 
restricted to the interface between Ta and Ni. 
It can be inferred from results presented here that the main reason for catalyst 
deactivation is substantiated in the Stranski-Krastanov formation mode. This leads to 
wetting of the Ni layer with local, but less curved islands that are unsuited for 
precipitation of a CNT structure (Fig. 5.51 b). Moreover, this constellation leads to an 
extensive coverage of the catalyst film with superficial C deposits blocking catalytic 
sites and inhibition of CNT growth (Fig. 5.51 c). It is important to note that the 
reduction of oxides and the catalyst restructuring are also temperature dependent 
process steps. Hence, further studies will be conducted to examine the catalyst 
deactivation capability at lower temperatures, too. 
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a) b) c) 
Fig. 5.51: Schematic of the W/Ni layer in the initial stadium (a), after NP2-pretreatment with  
Stranski-Krastanov film formation (b), and after introduction of the C-precursor  
forming a self passivating superficial C-layer (c). 
Summary  
The effect of W supporting layer on a Ni catalyst film was investigated as it enables 
catalyst deactivation. Examination of surface morphology after a NP2-pretreatment 
yielded a Stranski-Krastanov film formation, which formed due to extensive reduction 
of the tungsten oxide and providing a surface with an extreme high surface energy. One 
reason for catalyst deactivation is the low surface curvature of Ni islands, inappropriate 
for CNT formation. Additionally, Stranski-Krastanov films lead to an extensive 
formation of superficial C deposits blocking all catalytic sites on Ni. With this surface 
modification a site-selective CVD was demonstrated, which can be applied for the CNT 
via fabrication. 
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6 Integration of carbon nanotubes in via structures 
This chapter deals with the integration of CNTs into via interconnects. First, an 
overview on worldwide activities on CNT via fabrication is given. Second, the expected 
performance of CNT vias is demonstrated with resistance modeling. Chapter 6.3 
comprises the design of the fabrication process and test structures. Then the fabrication 
of the test vehicle and results are presented. Chapter 6.5 introduces a new approach to 
improve CNT via performance with first results of ALD coated CNTs. 
6.1 State of the technology for CNT vias 
Basic requirements for CNT vias can be deduced from the intrinsic properties of CNTs 
and restrictions predefined by the fabrication processes of ULSI circuits. As each CNT 
shell is accompanied by the fundamental quantum resistance (6.45 k for metallic 
SWCNT), it necessitates the fabrication of CNT bundles in vias or, particular at the 
local interconnect level, single MWCNT vias with a high dout/din ratio. In order to 
outperform Cu or W interconnects, high density and high quality CNT bundles will be 
preferred. Furthermore, to meet requirements of CMOS back-end processes, the growth 
temperature of CNTs should be kept below 450 °C and the integration process should 
be ULSI compatible. 
Fabrication of CNT vias  
So far, most work in the fabrication of CNT via interconnects focused on the integration 
of MWCNTs, which are grown with CVD or PECVD. Representative procedures and 
results are summarized in Table 6.1. Thereby two approaches have been adopted. 
Several groups have concentrated on the etch-first approach, where via holes in the 
dielectric are formed first before the growth of CNTs (Table 6.1./1−4 and [144, 145]). 
For selective growth of CNTs in via holes different approaches have been investigated. 
These are release of buried catalysts (Table 6.1./2), catalyst lift-off (Table 6.1./3), 
selective passivation in a subsequent step (Table 6.1./4), or CMP of redundant catalyst 
[145, 146]. These approaches have in common that the catalyst experiences different 
treatments before CNT growth and/or require additional steps, which are difficult to 
combine with IC fabrication processes. For instance, the release of a buried catalyst 
layer (Table 6.1./2) necessitates a precise etching step, which is difficult to control and 
may have negative impact on catalyst properties. In addition, the approach presented in 
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Table 6.1./4 requires an sloping deposition of an passivation layer to facilitate site-
selective growth at the via bottom. Overall, in most methods the catalyst requires a 
reduction step before CNT growth due to the intermediate steps at ambient atmosphere. 
In another approach CNTs grow on the entire structured substrate where finally 
redundant CNTs are removed with a CMP step [137]. Besides, under certain conditions 
a site-selective CVD in via holes was observed by using a certain catalyst supporting 
layer outside the vias [137]. An alternative is the bottom-up approach proposed by Li et 
al. (Table 6.1./5). Thereby, the CNTs are grown first on a pre-structured catalyst layer 
before embedding with a dielectric.  
 
Table 6.1: Comparison of CNT via interconnect structures prepared by different groups 
No. Approach Main results Group 
1. - Etch-first approach for 
via fabrication 
- Deposition of size-
selected catalyst 
particles  
- PECVD 
- Embedding of CNTs 
with dielectric 
- CMP process and 
annealing for contact 
improvement  
 Ref: [137, 147-150] 
 
 Figure:  CNT via after embedding  with 
 spin-on-glas (SOG) and CMP [149] 
- CNT via with top and bottom electrode realized  
- MWCNTs grown at 390 – 400 °C in 2 µm Ø vias 
(270 nm high) with 0.6  (no ballistic electrical 
behavior of CNTs) [137]  
- MWCNTs grown at 450 °C in 70 nm Ø via with 52  
[147]  
Awano et al. 
(MIRAI-
Selete), 
Kawarada et al. 
(WASEDA) 
 
 
2. - Etch-first approach for 
via fabrication 
- PECVD 
- Selective opening of 
buried oxidized catalyst 
with an etching step 
combined with a 
selective reduction 
  Ref: [151] 
 
 Figure:  Via structure after CNT growth [151] 
- CNT vias without the top electrode  
- Growth temperature 600 °C 
- No electrical characterization known 
Chung et al. 
(Samsung)  
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3. - Etch-first approach for 
via fabrication 
- Removal of redundant 
catalyst with lift-off 
- Thermal CVD 
- Embedding of CNTs 
with dielectric and 
CMP process for 
contact improvement  
  Ref: [152] 
 
 Figure:  CNT via after embedding with SOG [152] 
- CNT via with top and bottom electrode realized 
- Improvement of electrical contact with plasma 
treatment of CNT ends  
- MWCNTs grown at 600 °C in 700 nm Ø vias (1000 nm 
high) with 350   
Shin et al. 
(Samsung)  
4. - Etch-first approach for 
via fabrication (dual 
damascene) 
- Passivation of 
redundant catalyst with 
sloped deposition of an 
Al layer 
- PECVD  
- Growth of single CNFs 
in a via 
   Ref: [153] 
 
 Figure:  Via structure after CNT growth [153] 
- Formation of via with bottom electrode and top contact 
with AFM tip 
- Single CNF grown at 560 °C with 40 nm Ø (600 nm 
high) with 40 k 
Poche et al. 
(CEA-LETI-
Minatec)  
5. - Bottom-up approach for 
via fabrication 
- Catalyst patterning 
followed by CNT 
growth 
- Embedding with TEOS 
and CMP 
- PECVD 
   Ref: [154] 
 
 Figure:  CNTs after growth (left) and after 
 embedding with TEOS (right) [154] 
- Proof-of-principle: local growth of MWCNTs, 
embedding and CMP 
- No formation of top metallization, electrical 
characterization with current sensing AFM (300 k for 
single MWCNT) 
Li et al. 
(NASA) 
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This approach appears advantageous for high-aspect-ratio interconnects, where etching 
of deep holes is technologically sophisticated. Drawbacks of this approach are the 
necessity of catalyst structuring and that CNTs might be tilted, which makes further 
processing challenging. In both approaches it turned out that a CMP step is useful not 
only to planarize the wafer, but also to open the CNT shells as it yields significant 
improvements in the electrical contact (e.g., [137]). Therefore, CNTs were embedded in 
dielectric materials serving as a stabilizing matrix to withstand mechanical load during 
CMP. However, homogeneous filling of CNT interstices and CMP is sophisticated. 
Especially, reliability concerns arise if void formation, such as observable in the SEM 
cross section depicted in Table 6.1./1, cannot be avoided. Additionally, it is important to 
point out that filling of CNT interstices was just accomplished with dielectric materials, 
which do not contribute to conductance of the via. Good electrical CNT/metal contacts 
were also achieved by a high current treatment [147], but for ULSI fabrication 
processes of complex interconnect structures this approach is inappropriate. 
Growth temperature and quality 
Growth of CNTs was achieved in the range of 400 − 1000 °C [155], but particularly at 
the low temperature range CNTs show poor quality. The lower temperatures are 
typically obtained by PECVD processes, where CNT vias were prepared at 
temperatures as low as 390 °C (Table 6.1./1). However, electrical characterization 
reveals in general ohmic behavior of CNT vias indicating poor quality of CNTs. With 
thermal CVD processes, typical temperatures are ~ 600 °C (Table 6.1./2−4), but also 
low temperature growth at 350 °C was reported [56]. Nevertheless, it remains a 
challenge to achieve high quality CNTs with a long mean free path of electrons and 
hence a low resistance of CNT vias at the envisaged temperature (< 450 °C).  
Density of CNTs 
Besides the quality, the density of CNTs directly determines CNT via resistance. 
Unfortunately, the density is still significantly below the theoretical limit (closed 
hexagonal package − chp). This is one of the main reasons for poor properties of CNT 
vias so far. The most used approach for catalyst particle formation, which is thin 
metallic film agglomeration, suffers under excessive agglomeration of NPs. Filling 
factors of CNTs with regard to chp are typically below 16 % [139]. In order to enhance 
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the density, a size-controlled catalyst nanoparticle deposition technique has been 
developed [148]. In this method, catalyst particles are produced by laser ablation and 
transported in a carrier gas through an impactor, which removes larger particles. 
Smaller particles pass the impactor and deposit on the substrate. While this method 
enables deposition of very dense NPs with a narrow size distribution, ULSI 
compatibility with homogeneous deposition on larger wafers has not been proved so 
far. In addition, also approaches to increase the density of CNTs after growth using 
capillary forces of liquids were demonstrated [156, 157]. However, at the bottom of the 
substrate, where CNTs are attached, density remains unaffected and therefore 
integration in via fabrication processes appears limited. Besides the density, the 
proportion of metallic CNT shells determines the total resistance. Due to a lack of 
chirality control during CNT growth, most of CNT shells for diameters < 13 nm show 
semiconducting behavior. SWCNT processes typically yield films where 1/3 of the 
SWCNTs are metallic. Nevertheless, recent developments indicate that the control of 
metallic fraction becomes possible [158]. 
6.2 Resistance modeling of CNT interconnects 
In this chapter, CNT interconnects are contrasted with metal interconnects concerning 
the electrical resistance. Therefore, theoretical estimations are compared with realistic 
values. An alternative CNT interconnect based on a metal/CNT heterostructure is 
considered as well. 
SWCNT and MWCNT interconnects 
In Fig. 6.1. the resistance-length relations of Cu-, W-, MWCNT-, and SWCNT-filled 
vias are contrasted. For the calculations, the via diameter is adapted from the 
ITRS (2007) [2] focusing on the local interconnects in the 14 nm technology node 
(Fig. 6.1 a), which will be reached by 2020. The 160 nm diameter via can be considered 
as a global wiring (Fig. 6.1 b). Resistivity values of Cu and W were taken from [2] and 
[159] considering size dependent surface and grain boundary scattering. For CNT vias 
different configurations were modeled, whereby the density, CNT type, and proportion 
of metallic SWCNTs were varied. In addition, experimental values from the own work 
and other groups were consulted. Equation       (15) was used to calculate the resistance 
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of the CNTs (Chapter 2.4.1, pp. 35). For the electron mean free path in SWCNTs 
CNT = 1 µm was assumed. In the case of MWCNTs, a mean value of CNT = 10 µm for 
all shells and din/dout = 0.3 were considered. For SWCNTs, two cases were viewed: 
First, 1/3 of all nanotubes are metallic and second, all nanotubes are metallic. Regarding 
the density of SWCNTs and MWCNTs, the theoretical limit with the closed hexagonal 
package (chp) and experimental density values from the own work (MWCNTs) and 
[160] (SWCNTs) were considered. Thereby, the maximum density in the chp-condition 
was calculated with nmax = 2/[ 3 (dC + 0.34 nm)2], where 0.34 nm is the minimum 
CNT-CNT distance. Additional resistances due to imperfect contacts were neglected. 
In Fig. 6.1 it is obvious that vias with chp-CNTs require certain length to outperform 
Cu or W interconnects, which is attributed to the unavoidable quantum resistance of 
each CNT shell. For realistic length of local interconnects and contact plugs, CNTs are 
in the ballistic conduction regime and can reach comparable resistances to metal 
interconnects. So far, the best electrical resistance has been achieved by the group of 
Awano (Table 6.1./1 - [150]). However, CNT via resistances are significantly higher 
than metal vias, as emphasized with resistance values included in Fig. 6.1 b. Major 
reasons for the high resistance are too low CNT density and worse electrical contacts. 
Besides, especially CNTs grown at lower temperature are characterized by an ohmic 
conductance behavior due to the high defect density in the CNTs (e.g., [137]). From 
Fig. 6.1 also implies that density is one of the major problems, especially in the case of 
SWCNTs, where densities are in general one to two orders of magnitude below the 
requirement. As a consequence, it is suggested to consider single MWCNTs at the first 
metallization levels (metal-1 vias and contact plugs). Although MWCNTs have 
relatively large inner diameters with loses in conducting space, its introduction as single 
CNT interconnects appears beneficial from the technological point of view. This is due 
to the fact that the realization of one larger catalyst NP for MWCNT growth appears 
easier as the preparation of densely packed very small NPs in via holes. Even if the 
CNT conductance does not surpass metal vias or contact plugs, reliability is more 
critical than performance at this interconnect level. Reliability refers to two aspects. On 
the one hand, reliable filling of nanosized high-aspect-ratio structures and on the other 
hand reliability during device operation. In both aspects CNTs have clear benefits as 
they are self organizing high-aspect-ratio nanostructures and as they do not suffer under 
plaguing electromigration effects. Another aspect, which is worth to consider, is the 
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frequency operation range of future devices. While at high frequencies (> 10 GHz) the 
usability of metal interconnects is limited due to the skin effect accompanied by a 
drastically increasing resistivity, the resistance of CNTs remains more or less 
unaffected [161]. Hence, CNTs are particularly promising in future high speed devices. 
Furthermore, Fig. 6.1 b demonstrates that for very long interconnections, such as global 
interconnects and through-silicon vias (TSVs), a large mean free path of electrons in 
CNTs is of vital importance, especially if it is intended to outperform metal 
interconnects. This suggests the integration of MWCNTs as they are featured by a 
higher electron mean free path than SWCNTs (see Chapter 2.4.1). 
a) b) 
Fig. 6.1: Modeling of via resistance for local interconnects (14 nm technology node) and global 
interconnects based on metals or CNTs. Besides different SWCNT and MWCNT 
bundles, single MWCNT vias (dC = dvia) were considered. Theoretical considerations 
were contrasted with calculations based on experimentally obtained density values 
(SWCNT - [160], MWCNT - present work) and measured CNT via resistances ([a]-
[150], [b]-[137], [c]-[152]). Via resistance values were extrapolated for 160 nm 
diameter vias. 
Besides, for long interconnects, quality of CNTs is especially important as it determines 
the mean free path of electrons, too.  
Lastly, it is important to mention that outstanding thermal properties of CNTs would 
facilitate an improved thermal management of devices, which is a huge upcoming 
challenge in future MPUs and high power electronics.  
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CNT/metal heterostructure 
Since the density of CNT bundles is in general too low and most CNT via fabrication 
approaches include an embedding of CNTs with a dielectric material, it is a fact that the 
prevalent part of CNT vias is filled with a material, which does not contribute to 
electrical conductance. Here an alternative approach with a CNT/metal heterostructure 
is suggested, where CNT interstices are filled with a metal like W or Cu. Such an 
approach is conceivable with an atomic layer deposition (ALD) process, which enables 
homogeneous deposition of a material in high-aspect-ratio nanostructures. While most 
ALD processes are for the deposition of dielectric materials, also a few ALD processes 
for the deposition of metallic films were developed. In particular, the deposition of W 
on CNTs has been already demonstrated [162]. Besides, in our institution an ALD 
process for the deposition of Cu has been developed [163].  
In Fig. 6.2 resistances of SWCNT and MWCNT vias, CNT/metal heterostructures, and 
metal vias are compared for different dimensions. Calculations for the resistance of 
CNTs and metals were performed in the same way as described on pp. 127. For the 
heterostructure, a complete filling of interstices with W or Cu and a parallel circuit of 
the CNTs and the metal were assumed. Thereby, mean distances between CNTs were 
used for the calculation of W and Cu resistivity, where surface and grain boundary 
scattering were considered. Equally, in the consideration of SWCNT/metal 
heterostructures it was assumed that the metal matrix transforms the semiconducting 
SWCNTs into metallic SWCNTs. Recently, such a change in electronic properties was 
confirmed by experiments and density functional theory (DFT) simulations of Pt 
decorated SWCNTs and MWCNTs [164]. Similar effects were observed in simulations 
of a Cu/SWCNT heterostructure [165]. 
At the contact plug and local interconnect level a SWCNT/W heterostructure is 
reasonable as indicated in Fig. 6.2 a. For interconnect length below 200 nm the 
resistance of such a heterostructure is comparable with metal interconnects in the 14 nm 
technology node. At the higher metallization levels and very long interconnects like 
TSVs, heterostructures like SWCNT/Cu or MWCNT/Cu obviously compensate the low 
densities of CNTs as well Fig. 6.2 b. Even if the resistance cannot be better than of pure 
metal interconnects, the CNT/metal heterostructure should have significantly improved 
thermal conductivity. This could improve thermal management and extend life time of 
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ULSI circuits. Equally, such a heterostructure may help to exploit the full potential of 
CNTs as an embedding with a metal could improve electrical and also thermal contacts 
[166]. Furthermore, a charge transfer from the metal to the CNTs could increase 
electrical conductivity of CNTs [164]. Hence, such a heterostructure is a promising 
alternative to circumvent some of the integration problems of CNTs in interconnect 
systems. 
                a) 
b) c) 
Fig. 6.2: Comparison of via resistance based on metals, CNTs, and CNT/Cu heterostructures. 
The considered CNT/metal structure is schematically shown in (a). The via resisance 
was calculated for local interconnects (14 nm technology node) (b) and global 
interconnects (c). The considered CNT densities are based on experimental findings 
(SWCNT - [160], MWCNT - present work). 
6.3 Design of the process for CNT via fabrication 
This chapter presents a process for integration of CNTs in CNT/metal hybrid 
interconnect structures, where vertical interconnects between metal lines are realized by 
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CNTs. Dedicated issues of CNT integration are highlighted. These are fabrication of 
test structures with less impact on the catalyst supporting layer, site-selective growth of 
vertically aligned MWCNTs, and an novel approach to improve overall electrical 
performance of CNT interconnects. The fabrication process is based on the etch-first 
approach and is schematically presented in Fig. 6.3. The preparation of the test vehicle 
(Fig. 6.3 a−e) omits the fabrication of a bottom and the top metallization, but these steps 
are included in the entire process of CNT/metal hybrid interconnect fabrication 
(Fig. 6.3 f−m). The test vehicle is based on the sample configuration used in 
Chapter 5.2 for vertically aligned CNT growth. Further, a dedicated goal was to 
integrate the site-selective CVD approach demonstrated in Chapter 5.4. This has several 
technological advantages simplifying and improving the CNT via fabrication process. 
First of all, it is the basis of an in-situ process, where catalyst deposition and structured 
CNT growth requires no vacuum interruption (used in future processes). Thus, the 
sensitive catalyst does not experiences chemical modifications and does not need to be 
directly structured. Additionally, site-selective growth in via holes is advantageous for a 
top contact formation based on an embedding of CNTs and a subsequent CMP step.  
To fabricate CNT vias with site-selective growth, the substrate in the configuration 
Si/SiO2/Ta has to be covered with an inter-layer dielectric (ILD) layer (SiO2) and W 
serving as a catalyst passivation layer (Fig. 6.3 b). Subsequently, both layers are 
structured by lithography and etching steps. This provides sites with Ta at the via 
bottom and sites with W at the top of the ILD (Fig. 6.3 c). The catalyst is deposited 
afterwards (Fig. 6.3 d), which is followed by a CVD process, where CNTs are grown in 
via holes (Fig. 6.3 e).  
The CNT/metal hybrid interconnect structure, as shown in Fig. 6.3 f−m, requires 
additionally the formation of a bottom and a top metallization. The bottom metallization 
is formed according to a typical single-damascene process (Fig. 6.3 g), where a metal 
line (e.g., Cu) is embedded in a dielectric with a metallic diffusion barrier (e.g., TaN). 
Thereby, the upper covering layer, which is the supporting layer for the catalyst, has to 
be tantalum to provide vertically aligned growth (Fig. 6.3 g). The following steps 
(Fig. 6.3 h−j) are in congruity with the test vehicle fabrication steps. After CNT growth, 
formation of a good CNT/metal contact to the upper metallization is realized by 
applying a CMP step. Therefore, CNTs have to be embedded in a stabilizing matrix 
(Fig. 6.3 k). 
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Fig. 6.3: Schematic of the process for the fabrication of the test vehicle (a−e) and CNT/metal 
hybrid interconnect structure (f−m). Fabrication details are in the text. 
The preferred method is the preparation of a CNT/metal heterostructure with an ALD 
process. In this case an additional metallic side-wall barrier has to be included to 
prevent metal diffusion in the surrounding dielectric. Also, alternative approaches will 
be investigated, such as filling with a dielectric material. After opening of CNT shells 
with the CMP process (l), the upper metallization is formed again according to the 
single-damascene process (m). 
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6.4 Test vehicle fabrication and characterization  
In the first stage of technology development for CNT vias a test vehicle was prepared 
according to the preceding chapter. Structures were fabricated on 4 inch Si wafers 
covered with thermally grown SiO2 (100 nm). To mediate vertically aligned growth a 
thin Ta film (10 nm) was sputter-deposited. Subsequently, an ILD layer (800 nm SiO2) 
was formed by a CVD process at 400 °C. For the site-selective catalyst deactivation a 
thin W film (25 nm) was deposited by sputtering. A critical step in CNT via fabrication 
was the formation of via holes with less impact on the Ta surface at the via bottom. As 
a pure dry etching process for opening of via holes led to massive impact of the Ta 
surface, a special process sequence was developed, which allows a soft release of the 
via bottom (Fig. 6.4). This process sequence starts with conventional photolithography 
(Fig. 6.4 a). 
            a) 
Resist
W
SiO2
Ta
SiO2
c) 
             
            b) 
 
d) 
Ni
Fig. 6.4: Fabrication steps of the test vehicle showing the state after photolithography (a), dry 
etching (b), after resist removal and wet etching (c), and deposition of the catalyst (d). 
Then the W layer and most of the ILD were dry etched, while a thin SiO2 protecting 
layer on Ta was left (Fig. 6.4 b). During dry etching, the sample temperature did not 
exceed 60 °C. Subsequently, the resist was removed with a hydrogen plasma, where the 
sample temperature was maintained at 300 °C. After that, the remaining SiO2 protecting 
layer was removed with a wet etching step (Fig. 6.4 c). Therefore, buffered aqueous 
acid (HF40 % : NH4F40 % = 1 : 5) was used to etch SiO2 selectively towards Ta and W. 
Here, it was essential to release Ta without any residuals of SiO2, otherwise no 
vertically aligned growth could be achieved in the last process step. For this reason 
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structures were slightly over-etched. After deposition of a thin Ni catalyst film (2.1 nm) 
(Fig. 6.4 d), the surface morphology at the via bottom was examined by AFM 
(Fig. 6.5).  
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Fig. 6.5: Surface morphology of the via bottom after structuring and deposition of Ni. 
The surface morphology with a roughness of RMS = 0.2 nm is similar to that shown in 
Chapter 5.2.2. This confirms that preparation steps for the via structure had less impact 
on the Ta layer. A NP2-process at TS = 606 °C was performed to examine NP 
formation. Fig. 6.6 depicts the SEM and AFM measurements of a via hole, which 
confirms homogeneous formation of NPs at the via bottom.  
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Fig. 6.6: SEM of sample after NP2-process with NPs at the via bottom (left) and AFM 
measurement of NPs in the center of the via hole (right). 
CNT-CVD was performed with an optimized CNT2-process at TS = 606 °C. 
Corresponding results are shown in Fig. 6.7. The visual appearance of the wafer 
indicates homogeneous growth of CNTs on test fields all over the wafer. SEM  
6  Integration of carbon nanotubes in via structures 
 
136 
a)  b) 
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Fig. 6.7: Photograph of a processed 4 inch wafer (black sites are test structures with CNTs) (a). 
SEM top view of an via array (b, c) and cross section of CNT vias from the wafer 
center (d) and wafer edge (e, f). 
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observations revealed a homogeneous filling of via holes with vertically aligned CNTs 
whereby on the ILD, at W sites, there was no CNT growth detectable. Hence, site-
selective CVD was successfully realized. Additionally, it was noticed that quality and 
height of CNTs is comparable with unstructured samples. On the wafer there are just 
marginal differences in growth by comparison of the cross sections at the wafer center 
(Fig. 6.7 d) and at the wafer edge (Fig. 6.7 e). The growth height in the center is 
approximately 10 % lower than at the wafer edge, which can be attributed to the 
temperature distribution (Appendix C) and/or to a variation in the gas composition over 
the wafer. In addition, thickness variation of the catalyst layer on the wafer contributes 
to CNT growth height variations. High resolution SEM observations (Fig. 6.7 f) 
confirm vertically aligned growth of CNTs with a good attachment to the Ta support. 
Notable is a thickening of the Ta layer at via sites. Since high magnification images do 
not show a contrast variation in the Ta layer, the thickening seems to originate from Ta 
carbide formation. Finally, it is important to mention that in vias an undercut of 
~ 50 − 100 nm below the W layer was observable. This was expected due to the final 
wet etching step giving an isotropic excavation. However, the effect can be minimized 
by further process optimization. The fabrication of the whole via structures is subject of 
ongoing developments and is not presented here. 
6.5 Coating of CNTs with atomic layer deposition   
Since the effective resistance of via interconnects based on CNT bundles is mainly 
determined by the number of CNTs in a via, there is a strong need to increase the 
density. Here, an alternative solution is introduced which is based on the formation of a 
CNT/metal heterostructure by coating of CNTs and/or filling of interstices between 
CNTs with a metallic material. In the CNT via fabrication process sequence this step 
ranges after growth of CNTs in via holes and before the CMP step. It is intended to 
improve electrical performance by modification of the filling processes or even 
substitution of the filling with a dielectric material. To perform homogeneous coating of 
nanotubes, the ALD method appears most promising as it allows deposition of thin 
films high-aspect-ratio nanostructures. For coating of CNTs, the ALD method has been 
shown to be a viable technique to deposit dielectric films such as Al2O3 [167]. By 
contrast, for the envisaged heterostructure a highly conductive metal is required, which 
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should be readily reducible in the case it is deposited as a metal oxide. In our institution 
a copper/copperoxide ALD process was developed recently [163]. This process was 
successfully applied, for example, to the deposition of thin and continuous metallic Cu 
seed layers in order to improve metal filling of high-aspect-ratio vias. In this study this 
process was also applied to assess the potential for CNT decoration or filling of CNT 
interstices with a metall. The following results are to be understood as preliminary 
investigations, which concentrate on the characterization of the structure and 
composition of the ALD coating.  
For experiments, samples comparable to those presented in the previous sub chapter 
were used. For the ALD process a non-fluorinated, liquid Cu(I) -diketonate precursor 
[(nBu3P)2Cu(acac)] at a process temperature of 120 °C was applied (further details can 
be found in [163]). The first stage of studies concentrated on the deposition of copper 
oxide on MWCNTs. The reduction of these oxides to pure copper is subject of ongoing 
studies.  
Fig. 6.8 contrasts SEM cross sections of CNT via structures with pristine CNTs (a) and 
after an ALD process with 550 cycles (b). It is notable that CNTs in the vias 
homogeneously thickened even between CNTs at the via bottom, but from TEM 
analysis (shown below) it turned out that the coating comprises out of Cu oxide NPs. 
The coating appears only in SEM as a continuous film due to limited resolution and 
charging effects. Moreover, EDX spectra were measured at CNT sites, whereas the 
e-beam was aligned vertically with the sample surface (Fig. 6.9).  
a) Pristine sample b) After ALD coating of CNTs 
1 µm200 nm 200 n  
Fig. 6.8: Vertically aligned MWCNT in via holes after CVD (a) and after a Cu oxide ALD 
process with 550 cycles (b). 
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Fig. 6.9: EDX spectrum of CNT site after the Cu oxide ALD process. 
Strong signals from C, O, and Cu confirm that the CNTs are covered with oxidized 
copper. It can be assumed that most of the oxygen signal originates from copper oxide 
on the CNTs due to the relative thick CNT film (~ 1 µm) and due to the missing of 
signals from the substrate. From ex-situ XPS measurements the chemical composition 
of the copper deposit was identified with Cu, Cu2O, CuO, and Cu(OH)2 (Appendix E − 
Fig. E3). Moreover, samples subjected to 100 and 550 ALD cycles were characterized 
by TEM as shown in Fig. 6.10 and Fig. 6.11. It confirms the decoration of CNTs with 
NPs, which sizes are determined by the number of ALD cycles. The size of spherically 
shaped NPs was determined with (6.3 ± 1.3) nm and (20.8 ± 5.6) nm for the 100 and 
550 cycle process, respectively. Nanoparticles were identified as Cu rich from EELS 
and diffraction measurements. It is notable that NPs preferably adhere to defective sites 
as exemplarily shown in Fig. 6.11 b, while NPs on low defective sites show a high 
contact angle towards the CNT surface suggesting a weak adhesion. 
 
 
 
 
 
6  Integration of carbon nanotubes in via structures 
 
140 
a) b) 
50 nm 20 nm  
Fig. 6.10: TEM of MWCNTs with decoration of Cu oxide NPs after 100 ALD cycles. 
a) b) 
50 nm 20 nm  
Fig. 6.11: TEM of MWCNTs with decoration of Cu oxide NPs after 550 ALD cycles. 
Discussion 
The formation of copper oxide NPs with a weak adhesion to CNTs was not unexpected. 
This can be explained with the chemical inertness of CNTs. While defective sites are 
favored for nucleation as observed here, defect-less CNT sites are difficult to coat 
relying on unassisted ALD precursor nucleation alone. It is a general finding that ALD 
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coating of pristine and well crystallized CNTs is difficult to attain, even with the well 
known Al2O3-ALD process. For those reasons there have been many attempts to 
functionalize CNTs. Functionalization was, for instance, accomplished by covalent 
modification of CNTs with liquid based techniques [167]. Others have used non-
covalent functionalized CNTs with surfactants such as sodium dodecylsulfate (SDS) 
[168]. There it was found that sulfate head groups, remaining on the CNT surface after 
drying, catalyze the onset of ALD precursor nucleation. This was associated with the 
formation of a homogenous Al2O3 layer. A more practical functionalization method for 
ULSI circuit fabrication is the gas phase functionalization with NO2 [169]. It can be 
speculated that similar functionalization procedures have to be applied to realize 
envisaged CNT/Cu heterostructures. 
Equally, the formation of Cu oxide NPs can be explained with metal-tube interactions. 
The formation of a film or NPs is determined by the binding energy, which affects the 
sticking coefficient and the surface diffusion of the material. The interaction of a 
transition metal with carbon is determined by the ability to bond with carbon atoms. 
The bonding increases with the number of unfilled d orbitals. Hence, metals like Ti, Ni, 
or Co, with many d vacancies, show very strong interaction. By contrast, metals like 
Au, Ag, or Cu, with full d orbitals, are relatively inert to carbon and show a minimal 
degree of interaction. Experimentally this was demonstrated by Zhang et al. [170] who 
studied coatings of CNTs with various metals deposited by electron beam deposition. 
Thereby, only metals like Ti or Ni enabled homogeneous coating of CNTs. Hence, for 
this reason it is expectable that, even if a homogeneous deposition of copper oxide on 
the CNTs were achievable, temperature treatments along with reduction of copper 
oxides would inevitably lead to NP formation.  
It can be concluded that for the envisaged decoration of CNTs with a homogeneous Cu 
film, a functionalization of CNTs and the formation of an adhesion layer on the CNTs 
are important prerequisites. Besides, it is expected that with lowering of CNT growth 
temperature, as required for CNT vias, CNT quality diminishes, which should improve 
nucleation and adherence of the ALD films. However, even a decoration of CNTs with 
Cu NPs may have positive effects on the conductivity of the CNTs through the opening 
of additional conduction channels [164, 165], which could improve CNT interconnect 
electrical properties. Moreover, oxidized or reduced Cu NPs on CNTs may induce 
interesting properties, exploitable for different sensor applications. 
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7 Summary and outlook 
Since there is a continuous development of ULSI circuits there is a strong need for new 
concepts and materials in the near future. Thereby, carbon nanotubes are considered as 
a promising alternative material. Outstanding mechanical, electrical, and thermal 
properties are essential properties required in technology nodes below 22 nm. With the 
present thesis a contribution to the integration of CNTs as vertical interconnects in 
ULSI circuits was made. Objectives were to study the possibilities of controlling the 
growth of CNTs with the catalytically activated thermal CVD method and to provide a 
technology for the fabrication of CNT via structures. Due to the envisaged 
microelectronic application, growth studies primarily concentrated on metallic catalyst 
supporting layers. Support/catalyst interaction, formation of catalyst nanoparticles, and 
CNT growth characteristics were examined on the basis of extensive sample and 
process characterization. Along with this, a new CNT based nanostructure was 
presented and investigated, which bears potential for different applications. The 
processes for vertically aligned MWCNT growth and site-selective catalyst inhibition, 
which were developed and well characterized in the present work, were implemented in 
a fabrication process for via test structures. Finally, a novel approach for CNT vias with 
a CNT/metal heterostructure was introduced. 
Effects of different support/catalyst systems on CNT growth 
To study the influence of different support/catalyst systems and processes on CNT 
growth, two directly connected aspects of CNT growth were investigated. On the one 
hand this is the formation of catalyst nanoparticles after pretreatments, on the other 
growth of CNTs on the basis of the previous pretreatment was intensively studied. A 
broad range of microscopic and spectroscopic techniques was applied to characterize 
samples. Four different systems were studied: these are SiO2/Ni, Ta/Ni, SiO2/Cr/Ni, and 
W/Ni. Initially, screening studies were conducted with the well known system 
Si/SiO2/Ni to restrict the CVD process window. This model system is characterized by 
a weak support/catalyst interaction, which can be correlated with a weak catalyst 
adhesion to the substrate, undirected and defective CNT growth, and a preferential tip 
growth mode. A process could be developed that combines suitable conditions for the 
formation of NPs with the growth of CNTs in a special two-pressure regime process.  
Detailed investigations of the system Ta/Ni were performed as it yielded vertically 
aligned CNT growth relevant for the envisaged microelectronic application. Intensive 
7  Summary and outlook 
 
144 
studies of NP morphology, the Ta/Ni interface, and CNT growth were conducted to get 
an insight into uncertain physical and chemical support/catalyst interactions. A strong 
interaction between Ta and Ni could be confirmed, although initially both layers formed 
superficial oxides. The underlying mechanism was explained with a catalytic supply of 
atomic hydrogen, which is transported over a H-spillover mechanism to the Ta/Ni 
interface where a local reduction is induced. This unfolds a strong interaction between 
both materials leading to a strong adhesion of Ni NPs to Ta. Thereby, the strong 
interaction was also associated with the SMSI effect. The growth of CNTs is 
characterized with a strong vertical alignment and distinct root growth mode mediated 
by the strong support/catalyst interaction. Growth rates were significantly lower 
compared to SiO2/Ni since available catalyst sites are restricted to an edge zone at 
Ta/Ni. This leads to a dosed C release and well defined concentration gradients in/on 
the NPs. Continuous growth with a good quality and straight MWCNTs were obtained 
at 606 °C, where CNT length can be regulated over pC2H4 and the duration of the 
process. Those processes were applied for via test structures presented in the last part of 
the work. Finally, reproducibility of CNT growth was confirmed.   
The system SiO2/Cr/Ni yielded a unique nanostructure. There MWCNTs grow 
vertically aligned, while the Cr/Ni is lifted off as a continuous layer from the substrate. 
This novel nanostructure was defined as interlayer CNTs (ICNTs). Extensive 
characterization of the Cr/Ni film revealed that Ni acts as the main catalyst for CNT 
growth and Cr has a function as a stabilizing matrix and a co-catalyst. ICNT growth is 
characterized by good crystallized MWCNTs, which are very straight and have less 
catalyst residuals inside the nanotubes. Compared to Ta/Ni, an improvement in quality 
and a higher growth rate were noticeable. An optimum process in the gas phase 
diffusion controlled regime was found at 606 °C. Finally, a growth model was 
proposed.  
The system W/Ni is characterized by a complete CNT growth inhibition at typical 
process conditions. This offers further possibilities for the integration of CNTs with a 
support mediated site-selective CNT growth, where direct catalyst structuring is not 
required for patterned growth of CNTs. Examination of surface morphology after 
pretreatment yielded a Stranski-Krastanov film formation, which formed due to 
extensive reduction of superficial WO3 and a strong interface interaction. One reason 
for catalyst deactivation is the low surface curvature of Ni islands, inappropriate for 
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CNT formation.  
Hence, the four studied systems demonstrated that growth of CNTs is in particular 
determined by the supporting layer of the catalyst as the growth structure, the growth 
mode, and the quality can be controlled. Characteristics of all studied systems are 
summarized in Table 7.1.  
The integration of CNTs was shown by the fabrication of via test vehicles, where 
site-selective growth of vertically aligned MWCNTs was successfully realized. 
Fabrication of via holes was reached by a special process sequence, which guaranteed a 
soft release of the via bottom with the Ta surface. On 4 inch wafers, homogeneous 
deposition of vertically aligned MWCNTs at 606 °C was obtained at via sites, while 
variations in quality and height over the wafer were marginal. An excellent site-
selective CVD was confirmed all over the wafer. Moreover, a novel approach was 
introduced to functionalize CNTs or to fill CNT interstices with a metallic material. 
Therefore a copper oxide ALD process was applied to CNT via structures, which 
resulted in homogeneous decoration of CNTs with oxidized Cu NPs. Additionally, it 
was demonstrated that the diameter of NPs can be controlled by the number of ALD 
cycles.  
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Table 7.1: Comparison of different support/catalyst configurations and effect on CNT growth. 
System Characteristics Growth model and cross section 
SiO2/Ni - Weak support/ catalyst 
interaction 
- Preferentially tip growth mode
- Entangled growth 
- Fast growth deactivation 
- Growth rate > 642 nm/min* 
2 µm
Ta/Ni - Strong support/catalyst 
interaction at Ta/Ni sites 
- Distinct root growth mode 
- Vertically aligned good 
quality MWCNTs 
- Growth rate 186 nm/min* 
1 µm
SiO2/Cr/Ni - Strong interaction between Cr 
and Ni; weak interaction with 
SiO2 
- Unique nanostructure with 
continuous Cr/Ni layer on the 
CNTs 
- Vertically aligned inter layer 
growth of good quality 
MWCNTs 
- Growth rate 395 nm/min* 
1 µm
W/Ni - Strong support/catalyst 
interaction 
- Readily reducible support 
oxide 
- No CNT growth 
2 µm
Si/SiO /W/Ni2
* Growth rates in comparable processes (CNT2; 606 °C; pC2H4 = 0.5 kPa; dNi = 2.3 nm) 
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Outlook 
Ongoing activities tie to the here developed technology with the fabrication and 
characterization of complete CNT via structures. Similarly, process developments will 
focus on CNT growth at lower temperatures, whereby in first experiments CNT growth 
at 450 °C was already confirmed.  
The proposed CNT/metal heterostructure for CNT interconnects appears very 
promising to improve CNT integration and to modify CNT properties. On the one hand 
a decoration of CNTs with metallic NPs can be used for “doping” of CNTs [164, 165], 
which could improve electrical conductivity of CNT vias. On the other hand entire 
filling of CNT interstices with a metal may be an intermediate solution for CNT based 
interconnects. Therefore, functionalization of CNTs with the ALD method is seen as an 
important basis. Additional developments are recommended to realize different metallic 
films on CNTs. Besides, functionalization of CNTs with metallic or semiconducting 
NPs bears great potential for various sensor applications. 
Another topic is related to the ICNT nanostructure. Further investigations are in 
progress to answer some of the many questions on the growth mechanisms. Additional 
technological developments are motivated by various possibilities of integrating this 
special nanostructure into different electronic applications, such as interconnects, 
capacitors, thermal interface materials, sensors, and MEMS/NEMS. Ongoing 
experiments have already confirmed that this special growth can also be achieved by 
other layer systems.  
The present work confirms a crucial role of interfaces in the CNT growth. It is 
important to invest more in-depth research into physical and chemical phenomena at 
interfaces involved in CNT growth processes as it may extend opportunities to control 
the growth. Essential prerequisites for research and development in this field are 
advanced in-situ preparation and characterization methods. 
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      7  Zusammenfassung und Ausblick 
Mit der kontinuierlichen Entwicklung von ULSI-Schaltkreisen werden in naher Zukunft 
neue Konzepte und Materialien benötigt, um die hohen Anforderungen zu erfüllen. 
Dabei könnten Kohlenstoffnanoröhren eine zentrale Rolle spielen. Hervorragende 
mechanische, elektrische und thermische Eigenschaften könnten entscheidende Vorteile 
in Technologiegenerationen unter 22 nm sein. Mit dieser Dissertationsarbeit wurde ein 
Beitrag auf dem Gebiet der Integration von CNTs in vertikalen Verbindungen von 
ULSI-Schaltkreisen geleistet. Zielstellungen dabei waren eine verbesserte CNT-
Wachstumskontrolle in katalytisch aktivierten CVD-Prozessen sowie die Erarbeitung 
einer Technologie zur Erzeugung von CNT-Via-Strukturen. Wegen der angestrebten 
Anwendung in mikroelektronischen Strukturen wurden die Studien zum Teil auf 
metallischen Katalysatorunterlagen durchgeführt. Umfangreiche Proben- und 
Prozesscharakterisierung wurden vorgenommen, um Interaktionen an der 
Untergrund/Katalysator-Grenzfläche, Katalysatorformierung sowie die CNT-
Wachstumscharakteristik zu analysieren. Es wurde eine neue Nanostruktur auf CNT-
Basis vorgestellt und untersucht, die Grundlage für viele Anwendungen sein könnte. 
Die Prozesse für vertikales Wachstum und lokale Katalysatordeaktivierung, die in der 
Arbeit entwickelt und untersucht wurden, konnten in den Herstellungsprozess für Via-
Teststrukturen implementiert werden. In der Dissertationsarbeit wurde außerdem ein 
neuartiger Ansatz für CNT-Vias mit einer CNT/Metall-Heterostruktur dargestellt. 
Auswirkungen verschiedener Untergrund/Katalysator-Systeme auf das 
CNT-Wachstum 
Um den Einfluss von verschiedenen Untergrund/Katalysator-Systemen auf 
Wachstumsprozesse zu untersuchen, wurden zwei unmittelbar miteinander verbundene 
Aspekte des CNT-Wachstums betrachtet. Dies wären einerseits die Formierung der 
Katalysatorschicht nach verschiedenen Vorbehandlungen und andererseits das 
Wachstum aufbauend auf der Vorbehandlung. Zur Charakterisierung der Proben 
wurden unterschiedliche mikroskopische und spektroskopische Verfahren angewandt. 
Es wurden vier verschiedene Systeme untersucht: SiO2/Ni, Ta/Ni, SiO2/Cr/Ni und 
W/Ni. Anfangs wurden Voruntersuchungen mit dem gut bekannten SiO2/Ni-System 
durchgeführt, um ein geeignetes CVD-Prozessfenster einzugrenzen. Dieses 
Modellsystem ist durch eine schwache Untergrund/Katalysator-Wechselwirkung 
gekennzeichnet, was mit einer schwachen Katalysatoranhaftung, ungerichtetem und 
defektreichem Wachstum sowie einer bevorzugten Anlagerung von 
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Katalysatornanopartikeln an den CNT-Spitzen in Verbindung gebracht werden kann. Es 
konnte ein Zwei-Druckstufen-Prozess entwickelt werden, der günstige Bedingungen für 
die Katalysatorformierung und das CNT-Wachstum kombiniert.  
Eingehende Untersuchungen wurden am Ta/Ni-System durchgeführt. In diesem System 
konnte vertikales Wachstum erzielt werden, dass den Anforderungen der 
mikroelektronischen Anwendung nahe kommt. Intensive Untersuchungen der NP-
Morphologie, der Ta/Ni-Grenzfläche und des CNT-Wachstums wurden durchgeführt, 
um Einblicke in unklare physikalische und chemische Untergrund/Katalysator-
Wechselwirkung zu erhalten. Es konnte eine starke Interaktion zwischen Ta und Ni 
bestätigt werden, obwohl beide Metalle oberflächlich oxidiert waren. Dieser Effekt 
kann durch eine katalytische Bereitstellung von atomarem Wasserstoff erklärt werden, 
der an der Ta/Ni-Grenzfläche eine lokale Reduktion bewirkt. Das wiederum entfaltet 
eine starke Interaktion zwischen beiden Metallen, die zu einer starken Adhäsion von 
Ni-Nanopartikeln auf Ta führt. Die starke Interaktion wurde zum Teil mit dem SMSI-
Effekt in Verbindung gebracht. Ein Zusammenhang wurde auch zwischen den 
Eigenschaften der Untergrund/Katalysator-Grenzfläche und vertikalem Wachstum von 
MWCNTs mit Katalysatoren, die auf dem Substrat verbleiben, festgestellt. Da bei 
Ta/Ni verfügbare Katalysatorstellen auf den Randbereich begrenzt sind, waren die 
Wachstumsraten deutlich geringer als bei SiO2/Ni. Dies führt zu einer dosierten C-
Freisetzung und gut ausgeprägten Konzentrationsgradienten in und auf den 
Nanopartikeln. Kontinuierliches Wachstum mit einer guten Qualität und geraden 
MWCNTs wurde bei 606 °C erzielt, wobei die CNT-Länge durch den Partialdruck 
pC2H4 und durch die Dauer des Prozesses reguliert werden konnte. Diese Prozesse 
wurden für die Via-Teststrukturen angewandt, die im letzten Teil der Arbeit vorgestellt 
wurden. Die Reproduzierbarkeit der Prozesse konnte bestätigt werden.  
Mit dem System SiO2/Cr/Ni konnte eine neuartige Nanostruktur (ICNT-Schichten) 
erreicht werden. Hierbei wachsen vertikale MWCNTs aus einer geschlossenen Cr/Ni-
Schicht, die mit dem Wachstum vom Substrat gehoben wird. Eine umfassende 
Charakterisierung der Cr/Ni-Schicht ergab, dass Ni als primärer Katalysator und Cr 
einerseits als haltende Matrix und andererseits als Co-Katalysator agieren. Das ICNT-
Wachstum zeichnet sich durch eine gute Qualität der MWCNTs aus, die sowohl sehr 
gerade als auch nahezu einschlussfrei sind. Im Vergleich zu Ta/Ni war auch eine 
Verbesserung der Qualität zu beobachten. Ein kontrollierbarer Wachstumsprozess im 
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gasphasenkontrollierten Regime bei 606 °C wurde entwickelt. Ein Wachstumsmodell 
wurde vorgestellt.  
Das System W/Ni fällt durch eine vollständige CNT-Wachstumsunterdrückung bei 
typischen Prozessbedingungen auf. Dies bereichert die Möglichkeiten der CNT-
Integration durch ein oberflächeninduziertes lokales CNT-Wachstum, bei der ein 
direktes Strukturieren des Katalysators nicht erforderlich ist. Untersuchungen der 
Probenoberfläche nach einer Vorbehandlung bestätigten eine Stranski-Krastanov-
Schichtformierung, die durch eine ausgedehnte Reduktion von oberflächlichem WO3 
und einer starken Interaktion an der Grenzfläche bewirkt wird. Eine Ursache für die 
Deaktivierung der Katalysatoraktivität ist eine geringe Oberflächenkrümmung von Ni-
Inseln, die ungeeignet für das CNT-Wachstum sind.  
Die vier Systeme haben gezeigt, dass das CNT-Wachstum im besonderen Maße durch 
den Untergrund des Katalysators bestimmt wird. Die Wachstumsstruktur, der 
Wachstumsmodus und die Qualität können kontrolliert werden. Die Eigenschaften der 
Systeme sind in der Tabelle 7.2 zusammengefasst. 
Die Integration von CNTs wurde durch die Herstellung von Via-Testvehikeln 
demonstriert. Dabei konnte lokales vertikales Wachstum von MWCNTs realisiert 
werden. Die Herstellung der Teststrukturen wurde durch eine spezielle Prozesssequenz 
erzielt, mit der eine sanfte Öffnung des Via-Bodens mit der Ta-Oberfläche erreicht 
wurde. Eine Prozessierung von 4 Zoll Wafern bei 606 °C führte zu homogenem 
Wachstum von vertikal ausgerichteten MWCNTs in Via-Löchern und exzellenter 
Wachstumsunterdrückung im umliegenden Bereich auf dem gesamten Wafer. Damit 
konnte die Technologie erfolgreich unter Beweis gestellt werden. Es wurde ein 
alternativer Ansatz vorgestellt die Leitfähigkeit von CNT-Vias zu verbessern, indem die 
Zwischenräume mit einem metallischen Material gefüllt werden. Hierzu wurde ein 
Kupferoxid ALD-Prozess an CNT-Via-Strukturen erprobt, womit eine homogene 
Dekoration von CNTs mit Kupferoxidnanopartikeln mit steuerbarer Größe erreicht 
wurde. 
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Tabelle 7.2: Vergleich von verschiedenen Untergrund/Katalysator-Systemen. 
System Eigenschaften Wachstumsmodell und Schichtquerschnitt 
SiO2/Ni - Schwache Wechselwirkung 
zwischen SiO2 und Ni 
- Bevorzugt NP an der CNT-
Spitze 
- Verstricktes und ungerichtetes 
Wachstum 
- Frühe Wachstumsdeaktivierung 
- Wachstumsrate > 642 nm/min* 2 µm
Ta/Ni - Starke Wechselwirkung 
zwischen Ta und Ni 
- NP haften während des 
Wachstums am Untergrund 
- Vertikale MWCNTs 
- Wachstumsrate 186 nm/min* 
1 µm
SiO2/Cr/Ni - Starke Wechselwirkung 
zwischen Cr und Ni; schwache 
Interaktion mit SiO2 
- Neuartige Nanostruktur mit 
geschlossener Deckschicht auf 
der CNT-Schicht 
- Vertikales Wachstum von 
MWCNTs mit guter Qualität 
- Wachstumsrate 395 nm/min* 1 µm
W/Ni - Starke Wechselwirkung 
zwischen W und Ni 
- Einfach reduzierbares Oxid des 
Untergrundes 
- Kein CNT-Wachstum 
2 µm
Si/SiO /W/Ni2
* Wachstumsraten in vergleichbaren Prozessen (CNT2; 606 °C; pC2H4 = 0.5 kPa; dNi = 2.3 nm) 
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Ausblick 
Weitere Entwicklungen knüpfen an die hier dargestellte Technologie an, indem 
vollständige CNT-Via-Strukturen hergestellt und charakterisiert werden. Ebenso wird 
an Prozessoptimierungen für die Reduzierung der Wachstumstemperatur gearbeitet, 
wobei bereits CNT-Wachstum bei 450 °C beobachtet werden konnte.  
Die in der Arbeit vorgestellte CNT/Metall-Heterostruktur erscheint sehr 
vielversprechend um die CNT-Integration zu verbessern und CNT Eigenschaften zu 
modifizieren. Zum einen könnte eine Beschichtung von CNTs mit metallischen 
Nanopartikeln als Dotierung für CNTs dienlich sein [164, 165], womit die elektrische 
Leitfähigkeit von CNT-Vias erhöht werden könnte. Zum anderen könnte eine 
vollständige Füllung von CNT-Zwischenräumen mit einem Metall eine aussichtsreiche 
Zwischenlösung für CNT basierte Leitbahnen darstellen. Hierfür wird die 
Funktionalisierung von CNTs mit der ALD-Methode als wichtige Grundlage 
angesehen. Weitere Entwicklungen werden empfohlen, um verschieden metallische 
Filme auf CNTs zu realisieren. Darüber hinaus hat eine Funktionalisierung von CNTs 
mit metallischen oder halbleitenden Nanopartikeln auch großes Potential in 
unterschiedlichen Sensoranwendungen. 
Ein weiteres Thema bezieht sich auf die ICNT-Nanostruktur. Zunächst werden weitere 
Untersuchungen durchgeführt, um offene Fragen zum Wachstumsmechanismus zu 
beantworten. Weitere technologische Entwicklungen sind durch verschiedenste 
Möglichkeiten motiviert diese Nanostrukturen in Anwendungen wie Interconnects, 
Kondensatoren, thermische Übergangsmaterialien, Sensoren und MEMS/NEMS zu 
integrieren. Dabei konnte in laufenden Untersuchungen bereits beobachtet werden, dass 
dieses spezielle Wachstum auch auf andere Schichtsysteme übertragen werden kann. 
Diese Dissertationsarbeit hat gezeigt, dass Grenzflächen eine entscheidende Rolle im 
CNT-Wachstum spielen. Um die Möglichkeiten der Wachstumskontrolle zu erweitern, 
wird es als wichtig erachtet weitere Untersuchungen zu physikalischen und chemischen 
Phänomenen an Grenzflächen im CNT-Wachstum durchzuführen. Forschung und 
Entwicklung in dieser Richtung müssen weiterentwickelte in-situ Herstellungs- und 
Charakterisierungsverfahren einschließen.   
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Appendix  
A  The traditional interconnect system and its fabrication 
This chapter gives a brief overview of the traditional interconnect systems in ULSI 
circuits and their fabrication. A representative device is a micro processor unit. It 
contains densely packed transistors, diodes, and capacitors on the silicon level (Front-
End-Of-Line − FEOL). These functional elements are interconnected for signal 
propagation and power supply. Therefore, a hierarchical wiring approach with several 
metallization levels is utilized as shown in Fig. A1. The transistor level is directly 
contacted through contact plugs embedded in a pre-metal dielectric. These plugs have 
wiring diameters comparable to metal 1 half pitch dimensions, but aspect ratios are 
significantly higher at contact plugs. Tungsten is the preferred plug material as its 
integration is well controlled and as it is less sensitive to electromigration. Currently, at 
the 45 nm technology node, contact plugs are filled with W-CVD. The subsequent 
interconnect levels can be assigned to the Back-End-Of-Line (BEOL). The interconnect 
system contains vertical interconnections (vias), horizontal interconnects (lines) and a 
dielectric material. The first metallization level is called metal 1, where minimum 
dimensions are a measure of the technology node. Thus, in the current 45 nm 
technology node the metal 1 half pitch is 45 nm (width of the interconnect). The 
following levels are called intermediate and global interconnects. Overall, the number 
of conductor levels is currently 12 [2]. The main materials used in the interconnect 
system are Cu as the wiring material and a low-k material (e.g., SiO2, SiCOH, porous 
dielectrics).  
With the replacement of Al by Cu the fabrication technology had to be completely 
adapted. While Al can be easily structured by dry etching and interconnect systems 
could be fabricated by the “substractive” method, for Cu, dry etching is rather 
challenging and there exists no process that found acceptance in the semiconductor 
industry. Hence, a new process was introduced, called damascene process. This process 
can be further subdivided into single- and dual-damascene (see Fig. A2). The single-
damascene process begins with the deposition of the dielectric material, which is 
followed by lithography and dry etching. After structuring, a metallic barrier (e.g., TaN) 
is deposited to prevent Cu diffusion. In general, further layers are deposited like a thin 
contact layer (e.g., Ta) to provide good adhesion of Cu. Then a thin Cu seed layer is 
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deposited to enable a galvanic process and homogeneous filling all structures. 
Subsequently structures are overfilled with Cu. Excessive Cu is removed with 
chemical-mechanical polishing (CMP) with stopping on the dielectric material. 
Following that, a dielectric barrier (e.g., SiC) and the dielectric layer are deposited. 
Both layers are subsequently structured with lithography and a dry etch process to form 
the line level. After deposition of a metallic barrier and Cu, a CMP process is again 
applied to remove excessive Cu forming the line. The steps for via and line formation 
are repeated several times to fabricate the whole interconnect system.  
The dual-damascene process is a further development of the single-damascene process. 
The advantage is, that the sequential formation of every metallization level was 
simplified by structuring and metallization of two interconnect levels (via and line) 
together in one run. Thus, technology was improved and simplified by saving one 
barrier and a CMP step for each via/line pair. 
 
 
Fig. A1: Schematic cross section of a micro processor unit [2]. 
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Fig. A2: Schematics of damascene processes for the formation of one via level and the 
subsequent line level: Single-damascene: structuring of the oxide of the via level (a), 
deposition of metallic diffusion barrier and Cu (b), CMP of excessive Cu (c), etch 
stop/dielectric barrier and deposition of the oxide of the line level (d), structuring, 
metallic barrier, and metallization (e), CMP and etch stop/dielectric barrier deposition 
(f). Dual-damascene: deposition and structuring of a etch stop/dielectric barrier (a), 
deposition of the dielectric of the line level (b), structuring of both dielectric layers (c), 
deposition of metallic barrier and Cu (d), CMP and deposition of dielectric barrier (e). 
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B  Ellipsometric characterization of the catalyst film 
Calibration of the deposition process of the thin catalyst films was based on 
spectroscopic ellipsometry characterization. Therefore, a Si/SiO2(100 nm) sample was 
covered with a thin Ni film (~ 10 nm). To capture also the optical properties of 
superficial oxides, which formed due to keeping samples at ambient, a part of the 
sample was subjected to an annealing at ambient to oxidize the Ni film completely. This 
was done by annealing at 500 °C for 30 min under air. Both samples were measured 
ex-situ with a variable angle ellipsometer (Woolam) at 60°, 70°, and 75° in the spectral 
range of 0.7 − 5 eV. To describe the optical response of the Si/SiO2/Ni sample, a 
parametric model with five phases was applied as schematically shown in Fig. B1 a. 
This includes the silicon substrate (Si - Jellison model from Woolam database), the 
SiO2 layer (from Woolam database), a layer of unoxidized Ni, a thin superficial Ni 
oxide layer, and air. Interface roughness and surface roughness were considered with 
effective medium approximation (EMA) layers. The thickness of SiO2 was verified and 
fixed by measuring the sample state before deposition of Ni. As the Ni and Ni oxide 
dielectric functions from the ellipsometry database could not be applied to describe the 
optical response of the thin Ni layer, the respective optical properties were determined 
in two steps. First, from the annealed sample the dielectric function of the nickel oxide 
layer was determined. For the simulation of measured date, the dielectric function was 
expressed by a generalized form of one Gauss and one Lorentz harmonic oscillator. The 
result is depicted as 1 and 2 in Fig. B1 b and is in good agreement with literature 
[171]. Second, the dielectric function of nickel oxide was transferred and fixed in the 
initial model (Fig. B1 a) and the dielectric function of the Ni layer was determined with 
Drude and Lorentz oscillators (Fig. B1 c). Under variation of layer thicknesses, the 
optical response of Si/SiO2/Ni could be well described by this model. This is 
highlighted by Fig. B2 comparing the measured and simulated (amplitude ratio)and 
 (phase shift) values, showing good conformity. Even the response of other Ni film 
thicknesses (2 – 20 nm) could be well described confirming the validity of the model. In 
addition, results were cross-checked by x-ray reflectometry measurements where 
comparable results were achieved. With the ellipsometric measurements, the deposition 
rate of the Ni PVD process was determined.  
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Fig. B1: Ellipsometry model (a) with dielectric functions of nickel oxide (b) and nickel (c) used 
to describe the sample Si/SiO2/Ni. 
Fig. B2: Measured and simulated ellipsometric spectra of the Si/SiO2/Ni sample in form of  (a) 
and  (b). 
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Besides, ellipsometry mappings with a Sentech 450 ellipsometer were carried out to 
identify the thickness distribution of a Ni layer on a 4 inch wafer. Fig. B3 shows the 
effective thickness of Ni derived from 25 measurement points on the wafer. The 
effective thickness of Ni was calculated according to  
Ni
NiO
NiO
Ni
NiOEMA
NiNieff d
ddd 


 


  1
2
. (31) 
To consider thickness increase due to oxidation, the densities of NiO    
(NiO = 6.67 g cm-3) and Ni (Ni = 8.9 g cm-3) were considered. The variation of the 
thickness is 1.2 % (standard deviation) within a radius of 36 mm. 
 
Fig. B3: Thickness distribution of the Ni layer on a Si/SiO2 wafer determined from an 
ellipsometry mapping. 
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C  Further details on the CVD reactor 
Gas flow was precisely dosed with MFC units, which have a dosing precision of 
± 1 sccm for H2 and C2H4 and ± 50 sccm for N2. Reproducibility is ± 0.2 sccm, 
± 0.2 sccm, and ± 10 sccm for H2, C2H4, and N2, respectively. Gas pressure was 
controlled by a throttle valve regulated by a PID-unit. After short relaxation, pressure 
variations were within ± 100 Pa for typical process pressures (20 to 70 kPa). The 
pressure was measured with a gas independent capacitance manometer (p = ± 250 Pa).    
Temperature sequences can be precisely adjusted with a PID-unit. After short relaxation 
(~ 3 min), temperature variation was within ± 3 °C at the heater. Temperature for 
regulation is taken at the heater with a type-K thermocouple (T = ± 2.2 °C). The 
TS(TH) calibration curves, temperature progress, and temperature distribution on the 
sample were measured with a calibrated 4 inch thermocouple wafer (Thermo Electric), 
which contains seven typ-K thermocouples (T ± 0.4 %) distributed on a line. Fig. C1 a 
illustrates TS in the middle of the sample holder over time for a typical process after 
heating the sample (heating conditions: FN2 = 500 sccm, p = 70 kPa, heating ramp 
TH/t = 16 K/min, TH-end = 735 °C).  
a) b) 
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Fig. C1: Sample temperature TS over time counted after the heating phase (*) with the 
pretreatment (tP) and the growth phase (tCNT) (a) and temperature profile of TS across
the sample holder (b) (0 ≡ sample holder center). 
This implies that sample temperature follows the heater temperature with retardation 
due to limited thermal coupling. For this reason CNT growth phases were not started 
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before 10 min relaxation time (tP - pretreatment phase). The temperature reached after 
15 min was defined as TS. The error for TS was estimated with 
TS = TVariation + TTEwafer = ± (5 + 0.04 TS) °C. From the temperature profile over the 
sample (Fig. C1 b) it can be inferred that the variation is very low with ± 4 °C within a 
radius of 28 mm. To increase comparability within experiments, small samples were 
positioned in this area. On 4 inch wafer samples a larger temperature gradient is present 
(center − edge = ~ 28 °C). 
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D  Evaluation of AFM measurements 
To determine the size distribution of catalyst nanoparticles, AFM measurements 
underwent an image processing using the software Gwyddion. First, images were 
leveled with respect to the plane of the catalyst supporting layer. Then nanoparticle 
contours were identified in an area of 1 x 1 µm (Fig. D1 a → b) using the “watershed” 
function of the software. The particle diameter was calculated from the volume of each 
nanoparticle assuming a sphere.  
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Fig. D1: Example of AFM measurement of NPs (a) and after image processing (b). The diameter 
histogram derived from the NP volume (c), NP projected area (d), the NP height 
distribution (e) and the table with all relevant parameters including also CNT diameters 
obtained with comparable catalyst NPs (f). 
The main advantage of this method is that the 3D information from the AFM 
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measurement can be used. Further, it is expected that the diameter extracted from the 
NP volume is more meaningful than the diameter from the NP area as the NP 
experiences strong deformations during growth. Equally, the mean particle size is closer 
to the mean CNT diameter. Exemplarily, the diameter histogram derived from Fig. D1 a 
is illustrated in Fig. D1 c. The corresponding NP height histogram is presented in 
Fig. D1 e. This procedure was applied to all NP evaluations shown in this thesis. For 
comparison, the diameter was also calculated from the projected area of the 
nanoparticle assuming a circular area (Fig. D1 d). This demonstrates a significant 
broadened diameter distribution. The obtained values from AFM evaluations and the 
CNT diameter are summarized in Fig. D1 f. The errors for the diameters and heights 
correspond to the standard deviation of the respective size distributions. Nevertheless, it 
must be pointed out that ex-situ AFM measurements are always slightly adulterated due 
to sample oxidization and due the shape of the AFM tip. Latter could be minimized by 
using super sharp tips. 
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E  Supporting results to the samples  
XPS measurements 
Ex-situ XPS measurements of Si/SiO2/Ni (Fig. E1) (Chapter 5.1) and Si/SiO2/W/Ni 
(Fig. E2) (Chapter 5.4) samples were performed to identify superficial oxides. Due to 
contact with atmosphere, the thin Ni film is partly converted to NiO and Ni2O3 
(Fig. E1). For tungsten it was found that the surface was converted to WOx (x>2) 
(Fig. E2), whereby peak shape and position can be assigned to WO3 [172]. 
 
Fig. E1: Ni2p XPS spectra of the sample Si/SiO2/Ni after keeping at ambient conditions. 
 
Fig. E2: W4f XPS spectra of the sample Si/SiO2/W/Ni after keeping at ambient conditions 
indicating the superficial formation of WOx (x >2). 
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Moreover, CNTs coated with an Cu oxide ALD process were subjected to XPS 
measurements (Chapter 6.5). Fig. E3 implies that CNTs are covered with copper oxide 
NPs after the ALD process. Characteristic features in the Cu 2p3/2 and Cu LMM 
spectra suggest the deposition of copper oxides. Peaks can be assigned in the first line 
to Cu2O and CuO, but also Cu and Cu(OH)2 could be measured.  
a)  b)  
 
Fig. E3: Angle resolved XPS spectra of MWCNTs coated with Cu oxide after an ALD process 
(a, b). 
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TEM measurements 
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Fig. E4:  Electron diffraction analysis of the Si/SiO2/Cr/Ni sample in the cross section after 
NP2-pretreatment at 606 °C (see Chapter 5.3.2 – pp.98). Measurements were obtained 
with the TEM using a 170 nm blind. 
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1. Nowadays, in ultra-large scale circuits the interconnect system is the main 
limiter of device performance since increased complexity and density resulted in 
a dramatically increase in RC-delay. With progression of technology nodes, the 
delay is going to be even more accelerated as dimensions reach a level where the 
specific resistivity of metals is significantly increasing due grain boundary and 
surface scattering effects. In addition, Cu, which is the main metallization 
material, reaches its physical limits becoming noticeable with increasing failure 
probability because of electromigration effects. Those challenges emphasize that 
in technology nodes beyond 22 nm, which is not too distant future, there is a 
strong need for new interconnect materials and concepts.  
2. Carbon nanotubes (CNTs) are a promising alternative interconnect material due 
to their outstanding electrical, thermal, and mechanical properties. Especially as 
vertical interconnects (vias) they can be integrated through the growth by the 
chemical vapor deposition (CVD) method.  
3. In CNT/metal hybrid systems, a premise is the growth of CNTs on metallic 
supporting layers. Thereby metallic layers entail special physical and chemical 
interactions with the catalyst affecting catalyst formation, catalyst properties, 
and consequently also CNT growth. In particular, at thermal CVD processes the 
support/catalyst interaction is of vital importance in the growth characteristics 
like growth kinetics, quality, and structure.  
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4. The strength of the interaction is determined by the specific support/catalyst 
material combination, the interface state, and interface proportion. The interface 
properties, catalyst formation, and catalyst properties can be controlled by the 
pretreatment conditions preceding CNT growth.    
5. The system SiO2/Ni is a representative support/catalyst system with a weak 
interface interaction leading to weak adhesion of catalyst nanoparticles and 
consequently to entangled growth in the tip growth mode.  
6. The system Ta/Ni with an initially oxidized interface can unfold a strong metal 
support interaction under suitable pretreatment conditions. Over catalytic 
dissociation of hydrogen, atomic hydrogen is transported to the Ta/Ni interface 
where resistant Ta oxide gets reduced, which leads to a strong adhesion of 
catalyst nanoparticles and vertically aligned MWCNT growth in the root growth 
mode. Distinct alignment is attributed to adhered catalyst nanoparticle resulting 
in a dosed delivery of C at the catalyst edge and stable C concentration gradient 
in the catalyst. The SMSI effect may contribute to the physical and chemical 
properties of Ta/Ni but verification is so far open.   
7. At the system W/Ni, a Stranski-Krastanov film reformation is induced upon 
pretreatment in a hydrogen containing atmosphere. This is due to readily 
reducible superficial and interfacial oxides exposing the high energetic surface 
of W. The special surface morphology leads to suppression of appropriate 
nanoparticles and CNT growth inhibition.     
8. With the combination Cr/Ni on SiO2 an interlayer CNT film can be grown. This 
is characterized by vertically aligned and straight MWCNTs and a continuous 
Cr/Ni layer, which is lifted off the substrate during growth. The premise for the 
unique growth at SiO2/Cr/Ni is a strong interaction between Cr and Ni and a 
weak interaction with SiO2.         
9. The density and the dimensions of nanoparticles formed during annealing of thin 
catalyst films depend on pretreatment conditions. Good conditions yielding 
dense and homogeneous nanoparticles require an N2/H2 atmosphere with a high 
total pressure (here 70 kPa) in the whole pretreatment before CNT growth. This 
is also required to form a suitable interface in the case of Ta/Ni. 
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10. While pretreatment has to be conducted at a high pressure, ideal CNT growth 
conditions for vertically aligned CNTs is only obtained at lower pressures 
(below 55 kPa). Therefore, a process with two steps operating at different 
pressures is required.    
11. At Ta/Ni and Cr/Ni a CNT growth process in the gas phase diffusion controlled 
regime was found at 606 °C, which allows precise control of growth rate and 
CNT length with the regulation of pC2H4 or process duration. 
12. Site-selective CNT growth can be achieved without direct catalyst structuring by 
a support mediated catalyst deactivation. Inhibition of growth can be 
accomplished by the combination of W and Ni. 
13. Vertically aligned CNT growth and site-selective growth can be integrated in 
CNT via fabrication technology by providing respective metal surfaces for the 
catalyst. This approach is beneficial for the whole CNT via fabrication process. 
It is the foundation of in-situ processes where the catalyst deposition process and 
CNT growth can be conducted without vacuum interruption.  
14. One of the major problems in the realization of CNT vias is achieving high 
density growth of CNTs. An intermediate solution in form of a CNT/metal 
heterostructure is a way to overcome this problem. This may be achieved with a 
filling of CNT interstices by an ALD process, capable to create a metallic filler.  
15. An ALD process, developed for the deposition of Cu oxide thin films, leads to 
the decoration of CNTs with Cu oxide NPs, which can be controlled in size and 
which preferably assemble at defective sites of the CNTs.  
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